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SUMMARY

Proton-coupled amino acid transport (PAT) systems in the apical membrane of epithelial
cells of the small intestine and the renal tubule have been demonstrated by use of the human
intestinal cell line Caco-2 and renal brush border membrane vesicles. The present thesis
summarises the revelation of the molecular entity of the PAT system and provides deeper
insights into this new mammalian family of proton/amino acid cotransporters. The identified
family comprises four structural similar murine and human transport proteins (proton/amino
acid transporter, PAT1 - 4), all consisting of around 500 amino acid residues with 11
predicted transmembrane spanning domains. Orthologous proteins of this family are found in
lower and higher eukaryotes. The murine PATs exhibit a distinct mRNA expression pattern,
with PAT1 found inter alia in epithelial cells of small intestine and kidney. Moreover, the
PAT1 protein is localised in the brush border membrane of murine and human small
intestine. After expression in Xenopus laevis oocytes PAT1 mediates proton-coupled,
electrogenic transport of small and neutral amino acids such as Gly, Ala, and Pro, the
corresponding D-isomers and of a variety of amino acid derivatives, e.g. GABA, betaine, and
taurine. The apparent affinities for these substrates are in the range of 1 - 10 mM. Beside
these physiological substrates PAT1 transports efficiently selected pharmacological
compounds. As shown recently, PAT1 resembles in all features the functionally described
PAT system in intestinal and renal epithelial cells. The transporter PAT2, expressed in the
central nervous system, lung, heart, and brain exhibits similar transport characteristics as
PAT1. However, PAT2 is in comparison to PAT1 a high affinity transporter, with 10 to 30-
times higher affinities for the identical substrates (app. K-values of 100 - 1000 uM) but has
in general a narrower substrate spectrum. So far, PAT3 and PAT4 remain orphan
transporters with no assigned function. Critical structural elements in aliphatic amino acid
substrates of PAT1 and PAT2 were identified a) an non-substituted carboxyl-group, b) a
small size of the amino acid side chain, and c¢) a short spacer distance between the charged
amino and carboxyl groups. A free amino group within a substrate is not required.
Additionally, short-chain fatty acids were shown to serve as substrates of PAT1 and PAT2. In
contrast to amino acids, the short-chain fatty acids are transported in an electroneutral
manner. Both transporters seems to bind proton and substrate in an ordered binding mode
with the proton binding first. Functional differences in transport characteristics between PAT1
and PAT2 were observed in regard to the proton activation constants, suggesting that PAT2
transports at physiological pH values under proton-saturated conditions, whereas PAT1 can
be regulated in transport activity by changes in extracellular pH, i.e. via a cooperation with
the Na'/H'-exchanger NHE3. This novel family of proton/amino acid symporters takes an

exceptional position within mammalian physiology.
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1. Preface

From bacteria to humans, amino acids play a fundamental role in a multitude of biological
processes such as biosynthesis of proteins, metabolism of hormones and nitrogen, cell
growth and cell differentiation as well as neurotransmission. Since the hydrophobic domain
of the plasma membrane is not permeable for amino acids, transport of amino acids into and

out of cells via specific membrane proteins is essential to life.

At the end of the 1980s Sheikh and co-workers discovered in renal luminal membrane
vesicles isolated from pars convoluta of rabbit proximal tubules that an inward directed
proton gradient can drive the transport of L-alanine into the vesicles both in the presence and
in the absence of sodium ions (Jorgensen KE et al., 1987). This was a novel finding, as the
proton gradient serving as a driving force was thought to be restricted to yeast and bacteria,
whereas the transmembrane sodium gradient provides mainly the driving force in cells of
higher eukaryotes. A proton-driven amino acid transport system was also found to exist in
the brush border membrane of the human intestinal cell line Caco-2 (Thwaites DT et al.,
1993a). Following investigations into proton-driven amino acid transport processes in the
apical membrane of intestinal and renal tubular epithelial cells have demonstrated their
existence in different species using classical methods such as flux studies with brush border
membrane vesicles (BBMV), cell culture flux studies, in vitro perfusion studies or based on
intracellular pH measurements. It was convincingly shown that these transporters are
secondary active, solely driven by a transmembrane electrochemical proton gradient and
confined to small and neutral amino acids such as glycine, alanine and proline and selected
amino acid derivatives. The transport system was based on its features designated as Proton
Amino Acid Transport system (system PAT). For almost 20 years the underlying protein(s)
and gene(s) encoding this transport activity were not known. In 2001 the first two murine
cDNAs encoding proton amino acid cotransporters were cloned in our laboratory (Boll M et
al., 2002).

This present work has been carried out to characterise the cloned murine transporters as
well as the human orthologs on the molecular and functional level. Therefore, molecular
biological, electrophysiological and histological methods were used. Specific transport
characteristics of the cloned transporters were studied predominantly by using the X. laevis
oocyte expression system. The putative molecular structures as well as tissue expression
patterns and cellular localisation were analysed and, if procurable, potential physiological
functions are discussed in the context of PAT-functions and tissue and cellular localisation,

respectively.
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2. Brief history of the discovery of amino acid transport processes

The ability to take up specific substances from the external environment into cells is essential
to life. In mammalian species, absorption and reabsorption of nutrients for nutrient
homeostasis of the organism takes place in the small intestine and the kidney. At the level of
the cell, the plasma membrane segregate intra- and extracellular compartments and cells
therefore need the ability for uptake and release of a multitude of compounds. Processes of
solute transport into cells and across epithelia have been the subject of intensive research.
Initially nutrient transfer from the intestinal lumen into the blood as well as across other
epithelia was thought to occur by passive diffusion. However, it is established now that
absorption of nutrients is for the most part an active process, involving a variety of specific
transport systems that carry sugars, amino acids, peptides, lipids and other substances into
the body.

Basic studies of amino acid transport into animal cells go back to the beginning of the
twentieth century. In 1913 van Slyke and Meyer were able to show that amino acids can be
accumulated against a concentration gradient in specific tissues (van Slyke DD et al., 1913).
More detailed descriptions of specific transport processes were provided in the early sixties
with the pioneer work in the laboratory of Halvor Christensen (Oxender D et al., 1963). Many
following investigations have established that there are more than 20 different transport
activities as derived from studies using intact tissues, preparations of cell membranes, like
brush border membrane vesicles or proteoliposomes, primary cell cultures and stable cell
lines. In this pre-cloning period some seminal concepts regarding amino acid transport were
developed. It was shown that amino acids can be taken up against a concentration gradient
into epithelial cells by mechanisms using an ion-electrochemical gradient, mainly a Na®
gradient, across the apical membrane of the cell (Crane RK, 1965). Additionally, the
paradigm has loomed that transport of the different classes of amino acids is mediated by
several independent transport systems with broad and overlapping substrate specificities.
Transport was shown to be stereoselective, with L-amino acids as preferred substrates.
Further characterisation of the underlying mechanisms revealed, that transport can occur
besides using the ion gradients in a cotransport mode also in antiport or equilibrative uniport
modes (Figure 1). The physiologically identified amino acid transport activities have been
subdivided into systems with abbreviations related to their substrate specificity. An immense
number of tissues have been investigated for amino acid transport activity. It became evident
that some amino acid transport systems are found in almost all tissues, alluding to a
housekeeping function, whereas other systems were found to be restricted to specific tissues

or cell types, suggesting a specialised function of these transporter systems.
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Figure 1: Utilisation of circulating amino acids in the human organism. Amino acids (AA) are taken up from
the extracellular environment into organs using tissue specific transport systems. Transporters can function either
in an antiporter (red), symporter (blue) or equilibrative (green) mode. Efflux of amino acids out of the cell often is
mediated by exchangers (orange).

A new era began in 1990 with the identification of the first mammalian amino acid transporter
cDNA encoding for a y-aminobutyric acid (GABA) transporter in human brain (Guastella J et
al., 1990), followed by cloning of the first a-amino acid transport protein, mediating transport
of cationic amino acids (Kim JW et al., 1991; Wang H et al.,, 1991). Subsequently, new
molecular biologically techniques, oocyte expression systems and homology screening were
the starting point for the identification of a wide spectrum of plasma membrane amino acid
transporters. Up to now there are more than 30 cDNAs known which encode proteins with
different amino acid transport activities. Many of the cloned amino acid transporters exhibit
characteristics corresponding to a distinct physiologically identified system. Moreover, the
genomic analysis has allowed most mammalian amino acid transporter related gene
products to be grouped in 12 solute carrier (SLC) families (Hediger MA, 2004). However,
some of the classical transport systems are still missing on the molecular level and, vice
versa, some cloned transporters could not yet be assigned to a classical transport system.
The major amino acid transporting systems of mammalian cells are summarised in Table 1,
subdivided into Na*-dependent and Na'-independent pathways for neutral, cationic and
anionic amino acids. Representative cDNAs are designated that have been cloned and show
the corresponding transport activity to a physiologically identified amino acid transport

system, when expressed in a target cell.
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SLC number
designation

classic example
system gene

superfamily
designation

sodium dependent systems for neutral amino acids

transport type
coupling ions

amino acid
substrates

A SNAT1 SLC38A1 ATF C/ Na* GASCQNHM
ASC ASCT1 SLC1A4 SDS A/ Na* ASC

B° BOAT1 SLC6A19 SDS C/ Na*

BETA GAT1 SLC6BA1 NTS C/Na', Cr GABA

Gly GlyT2 SLC6A9 NTS C/Na', Cr G

IMINO - C/ Na* P

N SNAT5 SLC38A5 ATF C/Na" +E/H" QNHS(GA)
PHE C/Na" FM

PROT PROT SLC6A7 NTS C/Na’, Cr P

sodium independent systems for neutral amino acids

asc Asc1/4F2hc* SLC7A10 APC + 4F2hc preferentially E GASCT

PAT PAT1 SLC36A1 APC C/H* G AP GABA

L LAT1/4F2hc* SLC7A5 APC + 4F2hc E HMLIVFYWQ
T TAT1 SLC16A1 Monocarboxylate F W,Y, F

sodium dependent systems for anionic amino acids

X* xCT/4F2hc*  SLC7A11 APC + 4F2hc E cystine

sodium independent systems for anionic amino acids

XhC EAAT1 SLC1A3 SDS C/Na', H", K" ED

sodium dependent systems for cationic amino acids

B ATB(0,+) SLC6A14 NTS C/Na'*, Cr KRASCTNQH
sodium independent systems for cationic amino acids

b%* b(0,+)AT/BAT SLC7A9 APC + rBAT E KRASCTNQH
y' Cat-1 SLC7A1 APC E (F) RKH

y'L y+LAT1/4F2hc* SLC7A7 APC + 4F2hc E KRQHML

Table 1: Mammalian amino acid transporters, designations, mechanisms and substrate specificities.
Genes coding for a definite transport activity are shown. Systems are classified in the solute carrier (SLC) series
(www.bioparadigms.org/sic/menu.asp) according to the HUGO Nomenclature Committee database
(www.gene.ucl.ac.uk/hugo). Additionally, according to protein sequence homology they are designated to five
superfamilies: Amino acid-polyamine-choline transporter family (APC), sodium dicarboxylate symporter super-
family (SDS), neurotransmitter superfamily (NTS), amino acid transporter superfamily 1 (ATF1), amino acid
transporters within the major facilitator superfamily (MFS). Transporter type: cotransporter (C), facilitated
transporter (F), exchanger (E), antiporter (A). *Heterodimeric transporter, for transport activity association with the
glycoprotein rBAT or 4F2hc is essential. Amino acid transporters have been extensively reviewed, information
presented in the table was mainly taken from Hyde et al. (2003), and was completed referring to the literature by
Malandro and Kilberg (1996), Palacin et al. (1998), Wipf et al. (2000), and Saier (2000).
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3. The amino acid/auxin permease family

When multiple transporter sequences are known, the relationships between individual
transporters within a group or along various taxa can be determined and they can be
grouped into families on the basis of sequence alignments. Currently over two dozens of
transporter families and superfamilies are known, including members that transport amino
acids and their derivatives (Saier MHJ, 2000). The amino acid/auxin permease (AAAP)
family was found as a subfamily of the amino acid-polyamine-choline transporter family
(APC) (Wipf D et al., 2002). The AAAP family includes over 40 proteins from plants, animals,
yeast and fungi (Figure 2) and is one of the largest amino acid transporter families identified
so far. However, individual members of the AAAP family diverge from each other (Young GB
et al., 1999; Saier MHJ, 2000). In contrast to other families, AAAP members were first
described in plants and only very recently, structurally related proteins were identified in
yeast and animals. Individual members of this family have the ability to transport auxin,
GABA, a single amino acid or a set of amino acids. Some permeases also accept D-amino
acids as substrates. A common characteristic within the AAAP family is that the transport

activity of all members, regardless of which derivation, is dependent on protons.

yeast
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Figure 2: Phylogenetic tree for the proteins of the AAAP family. Clustering pattern of transporters from yeast
(S. cerevisiae (Sce), Schizosaccharomyces pombe (Sco)), plants (A. thaliana (Ath), Neurospora crassa (Ner),
Ricinus communis (Rco), Solanum tuberosum (Stu), Nicotiana sylvestris (Nsy)) and C. elegans (Cel) is shown.
Taken from Young GB et al., 1999.
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Individual members of the AAAP family are exclusively found in eukaryotes, 15 AAAP
paralogous are found in Saccharomyces cerevisiae, more than 40 in Arabidopsis thaliana, 11
in Caenorabditis elegans and annotation of the public human genome database reveals
currently 15 AAAP members in Homo sapiens. In contrast, AAAP members can not be found
in any bacterial genome (http://66.93.129.133/transporter/wb/index2.html).

The AAAP members exhibit minimal sequence conservation (< 25% sequence identity)
within the family in spite of the fact that all of its members are derived from eukaryotes. The
proteins differ in length between 400 and 710 amino acid residues, but most of them consist
of 400 to 500 residues. Nevertheless, AAAP members feature beside functional similarities
also structural similarities and secondary structure models have been shown to possess
conserved regions. All AAAP proteins exhibit very similar hydropathy profiles leading to
proposed membrane topology models with 11, sometimes 10, putative transmembrane o-
helical domains (TMD) (Young GB et al.,, 1999; Saier MHJ, 2000). One homologue,
NAT2/AAP1 of Arabidopsis thaliana was proofed to possess 11 TMDs (Chang HC et al.,
1997).

Cloned AAAP transporters from Arabidopsis thaliana, when expressed in yeast or oocytes,
were found to operate as sodium-independent, proton-coupled symporters for a wide
spectrum of amino acids (Fischer WN et al., 2002). The generalised transport reaction

catalysed by non-mammalian proteins of the AAAP family can be described as follows:

substrate (out) + nH* (out) — substrate (in) + nH" (in)

Mammalian organisms also express transport proteins belonging to the AAAP family.
However, the mammalian members do not display this strict proton symport coupling. Most
animal transporters usually couple amino acid uptake to a Na* gradient, but the mammalian
AAAP members show at least a H" sensitivity, H" exchange activity or even a H* cotransport
mode. The mammalian AAAP proteins exhibit weak but significant similarities to the plant
and lower eukaryotic AAAP transporters. By means of their protein sequence data they are
clustered into three subgroups, the VGAT (vesicular GABA transporter) transporter category
(also known as VIAAT = vesicular inhibitory amino acid transporter, SLC32A1), transporters
belonging to the system A and N category and the LYAAT (lysosomal amino acid
transporter) group (Sagne C et al., 2001), the latter has been renamed to PAT group (Boll M
et al., 2004).

The first identified mammalian member of the AAAP family was the VGAT/VIAAT transporter
(SLC32A1). This protein is responsible for packaging of the inhibitory neurotransmitters
GABA and glycine into neuronal synaptic vesicles (Mclntire SL et al., 1997). The driving force

for this transport is the proton gradient between the intravesicular space and the cytoplasm.
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The proton gradient is generated by a vesicular H* ATPase which leads to an intravesicular
acidification (Sagne C et al., 1997). VGAT/VIAAT functions in an antiport mode, allowing the
accumulation of GABA and glycine by utilisation of the outwardly directed proton gradient.
(Mclntire SL et al., 1997). Figure 3 describes schematically the function of VGAT/VIAAT. The
VGAT branch comprises a single member with mammalian paralogues found in human, rat

and mouse (Gasnier B, 2004).

ATP

GABA,
glycine _p——

\ GABA, Cr
\, glycine

G“).(_D )

v

Figure 3: Schematic diagram of function of VGAT/VIAAT in the loading of inhibitory amino acids into
synaptic vesicle. (taken from Gasnier 2004, Pfligers Archiv) Secretory vesicles are charged positively and
acidified by an electrogenic H* ATPase and by a chloride channel which provides an electrical shunt for efficient
proton pumping. VGAT/VIAAT exchanges vesicular protons for cytosolic GABA or glycine, thus allowing their
secretion from nerve terminals

The second mammalian AAAP subfamily is composed of the amino acid transporters
belonging to the system A and system N transporter class (SLC38 transporter family,
particulars in Introduction, Section 5.2). Although the system N and system A transporters
share high protein sequence similarities, they exhibit differences in terms of their substrate
specificity and functional properties (Mackenzie B et al., 2004). Transporters of the system A
subtype are expressed ubiquitously, mediate uptake of small, aliphatic amino acids with
alanine as a favored substrate and are considered to be the major provider of these amino
acids in most cell types. System A carriers act as rheogenic Na*/substrate symporters. They
possess a proton sensing site, sensitive to low pH, resulting in a decline of transport activity
(Mackenzie B et al., 2004). In contrast, system N transporters couple the Na‘/amino acid
symport to the exchange of one proton, this would predict an electroneutral transport mode.
In fact the transport is electrogenic, but this is due to an uncoupled ion conductance
observed after expression in Xenopus laevis oocytes (Chaudhry FA et al.,, 2001). They
exhibit a more restricted substrate profile than system A transporters, with glutamine as a
preferred substrate. System N transporters mediate glutamine flux from astrocytes to
neurons in the central nervous system, where glutamine serves as precursor of the excitatory

neurotransmitter glutamate (Mackenzie B et al., 2004).
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The third mammalian AAAP subfamily has recently been identified with the cloning of the first
mammalian amino transporter which acts, like the non-mammalian AAAP members, in a
proton/substrate symport mode. This transporter was cloned in silico by data base search for
mammalian homologs of the VGAT/VIAAT transporter (Sagne C et al., 2001). After
transfection in COS-7 cells (fibroblast-like cells growing as monolayers), this transporter
mediated uptake of small and neutral amino acids such as alanine and proline as well as the
neurotransmitter GABA. Uptake rates were sodium-independent but increased by lowering
extracellular pH, suggesting a proton/amino acid symport mode. Immunohistochemical
studies with a specific antibody and colocalisation with marker-protein antibodies revealed
that this transporter is expressed in glutamatergic and GABAergic neurons. The authors
were able to show that this protein is mainly found in these neurons in the lysosomal
membrane and therefore this transporter was named LYsosomal Amino Acid Transporter-1

(LYAAT-1). The proposed transport mechanism of rLYAAT-1 is outlined in Figure 4.

< - ATP

£ 3 «—{—t H*

€<Gly, Ala,Pro &/ ||
ADP+P,

Figure 4: Schematic diagram of the role of LYAAT-1 in efflux of amino acids from lysosomes. (Boll et al.
2004, Pflugers Archiv) The lysosomal amino acid transporter-1 (LYAAT1) transporter functions in brain neurons
as an export system of small amino acids from lysosomes.

With experimental work summarised here it was demonstrated that the cloned transporter
PAT1 from mouse small intestine represents the murine orthologue of the rat LYAAT-1
transporter and that the other identified PAT transporters (PAT2 - 4) build together with the
rLYAAT1 transporter the third mammalian subbranch of the AAAP-family.
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4. Physiological importance of small, neutral amino acids and their derivatives

serving as substrates of the PAT-carriers

Prokaryotes and eukaryotes require a set of 20 proteinogenic amino acids for synthesis of
small peptides and large proteins that may consist of more than 1000 amino acid residues.
Next to the utilisation for protein biosynthesis various proteinogenic amino acids and certainly
a variety of non-proteinogenic amino acid derivatives possess specified functions in various
biological processes. In this section a brief overview is provided on the role of individual

amino acids and amino acid derivatives identified as PAT substrates.

4.1 Glycine

Glycine, a non-essential amino acid, is one of the most interesting amino acids. It plays a
role in protein primary structure as it serves as a flexible link in proteins by its small size and
allows the formation of o-helices and B-turns. In addition to its role in peptide and protein
structure, glycine serves as an extracellular signalling molecule, as a modifier of molecular
activity via conjugation or by glycine-extensions of hormone precursors, and as an
osmoprotectant. Best examined is its role as an inhibitory neurotransmitter, however, glycine
is also involved in the excitatory neurotransmission (Lopez-Corcuera B et al.,, 2001;
Legendre P, 2001). Glycine-mediated inhibitory neurotransmission is essential in reflex
reactions, in the locomotor behaviour and in transmission of sensory signals. Glycine plays
also an inhibitory or modulatory role in nerve fibres of the spinal cord and brain stem as well
as in several other areas of the central nervous system (Lopez-Corcuera B et al., 2001;
Legendre P, 2001). The inhibitory effects of glycine are mediated via ligand-gated chloride
channel receptors (heteromeric or homomeric GlyR receptors), whereas the excitatory
effects are mediated via binding at glutamate receptors of the excitatory NMDA (N-methyl-D-
aspartate) subtype. Activation of the NMDA glutamate receptor requires beside binding of
glutamate also glycine binding (Legendre P, 2001; Klein RC et al., 2001; Breitinger HG et al.,
2002). Recently a novel NMDA subtype of the glutamate receptor was demonstrated to be
solely activated by glycine (Chatterton JE et al., 2002). In addition, glycine is involved in the
biosynthesis of creatine, porphyrin and purine. Glycine is conjugated with bile acids and used
in liver, beside other substrates, for conjugation with xenobiotics and biliary elimination
(Wheeler MD et al.,, 1999). Glycine is also a component of the antioxidant peptide

glutathione.

4.2 Alanine
Alanine is an amino acid which links glucose, tricarboxylic acid cycle and amino acid
metabolism via its reaction with o-ketoglutarate to form pyruvate and glutamate, a process

catalysed by the alanine aminotransferase. In the glucose-alanine-cycle alanine acts as the
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primary glucogenic amino acid. At lower blood glucose levels alanine is released from
peripheral tissues, basically from muscle cells, and is extracted by the liver and used in
gluconeogenesis. Subsequently, de novo synthesised glucose is released from the liver into
the blood and serves as energy substrate in peripheral tissues (Felig P, 1973; Palmer TN et
al., 1985). In addition, alanine seems to play a role as a metabolic fuel in GABAergic
neurons. Here, alanine supplies an amino group for the conversion of o-ketoglutarate from
the tricarboxylic acid cycle to glutamate which is utilised for GABA synthesis. The carbon
skeleton of alanine (pyruvate) is converted to acetyl CoA which is metabolised in the

tricarboxylic acid cycle (Schousboe A et al., 2003).

4.3 Proline

Proline is formally not an amino acid, but an imino acid. It is an important building block in
proteins but no additional particular physiological function has been described. Proline is a
major amino acid in collagen proteins. It is hydroxylated in the protein complex and lacks a
hydrogen on the a-amino group, so it cannot donate a hydrogen bond to stabilise an o-helix
or a B-sheet leading to a kink in the peptide chain. Therefore, proline is responsible for the
spacial constitution of the collagen fibres. Proline is often found at the end of a-helices or in
turns or loops. Unlike other amino acids which exist almost exclusively in the trans-form in
polypeptides, proline exists also in the cis-configuration in peptides. The cis and trans forms
are nearly isoenergetic. The cis/trans isomerisation can play an important role in the folding
of proteins and turns proline containing peptide bonds into structures with a degree of high

resistance to almost all mammalian proteolytic enzymes (Vanhoof G et al., 1995).

Since glycine, alanine and proline are found in plasma at much lower levels than inside
mammalian cells (Divino-Filho JC et al., 1997), active transport systems in the cells, able to

transport the amino acids against a concentration gradient into the cell, are required.

44 Amino acid derivatives and D-amino acids

GABA is the most important inhibitory neurotransmitter in the central nervous system. GABA
is converted from glutamate by the action of glutamate decarboxylase. Like glycine, the
GABAergic effects are mediated via ligand-gated chloride channel receptors (GABAa
receptors) or via G protein-coupled receptors (GABAg receptors) (Wong CG et al., 2003).
GABA mediates the majority of inhibitory signals in the brain, and perturbations in GABAergic
inhibition can result in seizures. This seems to be the case in epilepsy and a targeting of
GABAergic neurotransmission is used in therapy. However, psychiatric diseases such as
schizophrenia and spasticity have also been related to disorders of GABAergic function in
the brain (Wong CG et al., 2003). Beside its function in the central nervous system, GABA
also was shown to function as a neurotransmitter in pancreas and in the gastrointestinal tract
(Nichols K et al., 1995; Sha L et al., 2001).
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Betaine and taurine are besides myo-inositol and sorbitol the key organic osmolytes for cell
volume regulation. In muscle cells they are found in high intracellular concentrations (Lang F
et al., 1998). For maintaining cell volume, betaine and taurine are either transported into the
shrunken cells or are rapidly released during cell swelling. Efflux of betaine and taurine is
acutely regulated by a specific channel protein, permeable for organic osmolytes (Lang F et
al., 1998). Betaine was also proposed to serve as an important methylating agent when
normal methylating pathways are impaired, e.g. by ethanol consumption or certain drugs. It
has been shown that betaine is able to remethylate homocysteine and remove S-
adenosylhomocysteine, and for that overcomes the harmful effects of ethanol consumption
on methionine metabolism. It may therefore be effective in correcting methylation defects and
in treating liver diseases. Betaine may also have therapeutic applications under conditions of
impaired folate, vitamin B12 or methionine metabolism (Barak AJ et al., 2003).

Taurine is mainly used in the liver for the formation of hydrophilic conjugates in the phase 2
reaction of biotransformation of apolar, lipophilic and consequently poorly excretable

compounds, e.g. bile acids and xenobiotics.

D-amino acids have so far not been considered to be important in human physiology. New
findings however suggest that at least D-serine may play a role in human brain. A
mammalian enzyme, designated as serine racemase, converting L-serine into D-serine has
been cloned from mammalian glia cells (Wolosker H et al., 1999). D-serine is found in the
mammalian forebrain, striatum and cortex. Levels of D-serine in these regions of the
mammalian brain are approximately one third of those of the L-isomer. (Hashimoto A et al.,
1993; Schell MJ et al., 1995; Hashimoto A et al., 1995). Up to now a specific receptor for D-
serine have not been found, but in fact D-serine was shown to be a selective and potent
agonist at the glycine binding site of the NMDA receptor. D-serine seems to be a normal
stimulus for the glycine site of this receptor with a potency in activation similar to glycine
(Kemp JA et al., 1993).
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5. Transport-systems for small, neutral amino acids and amino acid derivatives

A multitude of different transport systems for small, aliphatic amino acids and amino acid
derivatives have been described and distinguished from each other based on their substrate
specificity. In the last ten years many of them have been cloned and characterised on the
molecular level. The most important systems transporting with a specificity for small and
neutral amino acids and their derivatives are introduced here briefly with respect to molecular

architecture and functional features.

5.1 Glycine transporting systems

Early investigations identified two glycine transporters in rat brain synaptosomal vesicles
which were strictly dependent on Na* and CI" and that differed in their sensitivity to sarcosine
(N-methyl-glycine) and in kinetic properties (Mayor FJ et al., 1981). These observations were
confirmed by the cloning of two Na*- and CI-dependent glycine transporters from rat brain,
designated as GlyT1 (SLC6A9) and GlyT2 (SLC6A5) (Guastella J et al., 1992). GlyT1 and
GlyT2 are predominantely expressed in glycinergic neurons of the mammalian brain and
spinal cord, and are responsible for re-uptake of glycine from the synaptic cleft (Lopez-
Corcuera B et al., 2001; Legendre P, 2001). These transporters exhibit a narrow substrate
specificity, transporting only glycine and its derivatives (Lopez-Corcuera B et al., 2001). It
was shown that the human GlyT1 transcript is alternatively spliced. Three N-terminal exons
and two C-terminal exons exist, which can be combined in multiple ways. Predominantly
found are the isoforms GlyT1a-f (Guastella J et al., 1992; Smith KE et al., 1992a; Kim KM et
al., 1994; Hanley JG et al., 2000). GlyT1a is the only isoform which is functionally expressed
in extraneuronal tissues, with a restricted localisation to the basolateral side of human
enterocytes (Christie GR et al., 2001). Due to the limited expression of the GlyT transporters,
it can be assumed that these proteins are not responsible for the intestinal absorption and

renal reabsorption of glycine or the interorgan flux of glycine between different tissues.

However, different studies suggested that beyond the nervous system specific transporters
for glycine, both Na*-dependent, Na*- and Cl-dependent as well as H'-dependent, may exist
in the plasma membrane of various cell types (Rajendran VM et al., 1987). In addition,
glycine was shown to be transported as well by transporters of the system A family, although

their preferred substrate is alanine.

5.2 Alanine transporting systems

Plasma membrane transport of alanine is mediated by various transport proteins. Exchange
between tissues is mainly mediated by the system A transporters SNAT1, SNAT2 and
SNAT4 (revised nomenclature, sodium-coupled neutral amino acid transporter, see
Mackenzie B and Erickson JD, 2004) and by the system ASC transporters. Additionally,
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system L and system y’L are participating in alanine homeostasis (Palacin M et al., 1998).
Moreover, the system B° appears to be involved in the absorption of alanine in the small
intestine (Kekuda R et al., 1996; Kekuda R et al., 1997).

The transporters of the SNAT family, system ASC and L transporters are present in almost
all cell types (Palacin M et al., 1998). SNATs couple amino acid transport to the Na"
electrochemical potential gradient with a 1:1 flux coupling stoichiometry. They are sensitive
to low pH, highest transport activities are observed at a slightly basic pH. Alanine transport
by SNATs was shown to be inhibited by the amino acid derivative 2-methylaminoisobutyric
acid (MeAlB) which was regarded as routing substrate for these transporters (Reimer RJ et
al., 2000). However, the selectivity for MeAIB is often not “clear cut’ different from that for
alanine and MeAIB is as well accepted by other transporters as well (such as the PAT1
transporter) (Mackenzie B et al., 2003). SNAT2 (previously referred to as ATA2, SA1 and
SAT2) was found in almost all tissues examined by northern blot analysis (Hatanaka T et al.,
2000). SNAT2 prefers alanine, serine, cysteine, glutamine, asparagine and also proline as
substrates, with apparent affinities in the range of 0.25 mM to 1 mM (Hatanaka T et al.,
2000). SNAT1 is predominantly expressed in brain, but significant expression is also
observed in the retina, placenta and heart, whereas SNAT4 is mainly found in the liver
(Hatanaka T et al., 2001). SNAT transport activity is highly regulated in many cell types. This
includes an up-regulation during cell-cycle progression and cell growth in many cells and
tissues as well as hormonal control by insulin, glucagon, catecholamines, glucocorticoids,
various growth factors and mitogens by quite different signalling pathways (McGivan JD et
al., 1994).

The system ASC transporters ASCT1 (SLC1A4, also known as SATT) and ASCT2 (SLC1A5,
also known as AAAT or hATBO0) were first cloned from human brain and mouse testis
(Shafgat S et al., 1993; Arriza JL et al., 1993; Utsunomiya-Tate N et al.,, 1996) and are
expressed in a wide variety of tissues. They transport alanine and additionally serine,
threonine and cysteine in a sodium-dependent manner. Transport is insensitive to pH and
occurs only in exchange with intracellular amino acids associated with movement of one or
two sodium ions in both directions in an electroneutral manner (Zerangue N et al., 1996).
Under some circumstances binding and transport of substrate induces inward currents, but
this is due to a substrate-gated anion conductance and not by the cotransport of ions (Broer
A et al., 2000). ASCT1 possibly works in part as a concentrative transporter for alanine as
shown in ASCT1 expressing Xenopus oocytes (Pinilla J et al., 2001). In the presence of
sodium an accumulation of alanine in the oocyte is observed which is sodium-dependent but
not coupled to the sodium gradient. Since the authors did not measure the efflux of
preloaded alanine from the oocyte and it is well known that Xenopus laevis oocytes have a

high intracellular amino acid pool (Taylor PM et al., 1996) the data do not allow to distinguish
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whether accumulation of alanine occurs in a concentrative manner or by exchange, even
though the kinetic data argue for an active transport. The ASCT2 transporter (also known as
ATB®) has a broader substrate specificity and is thought to be responsible for the bulk of
intestinal absorption and renal reabsorption of zwitterionic amino acids (Palacin M et al.,
1998). Here it needs to be mentioned that in addition to amino acid transporters, the di- and
tripeptide transporters PEPT1 and PEPT2 are also involved in the homeostasis of amino acid
nitrogen in the organism. Whether amino acid or peptide transporters are the major player in
supplying the body with amino acid nitrogen is currently not known, but it is believed that the
peptide transporters are more important (Leibach FH et al., 1996).

The widely expressed heterodimeric system L transporters LAT1, LAT2, y'LAT2 and y'LAT1
(SLC7A5 - 8) mediate the efflux of alanine from the cell in a sodium-independent manner.
They are composed of a catalytic subunit (the light chain) associated via a disulphide bridge
with the glycoprotein 4F2hc (the heavy chain). These proteins are obligatory exchangers,
they mediate uptake of large branched and aromatic amino acids coupled to the efflux of
another amino acid with a 1:1 stoichiometry. Alanine serves as an exchange substrate for
these transporters and the function of these transporters is coupled to the existence of
transport proteins providing high intracellular concentrations of the exchange substrates, like
alanine. In contrast, amino acids with small, non-branched side chains are poor substrates
for the system L transporters for uptake into cells. The LAT transporters are mainly
expressed at the basolateral side of cells and therefore appear to be involved in

transepithelial transport of alanine (Verrey F, 2003).

5.3 Proline transporting systems

Transporters mediating specifically transmembrane flux of proline are hitherto not identified
at their molecular level with the exception of a brain-specific transporter. Proline is
transported to a minor degree by amino acid transport systems for neutral amino acids, such
as the system A transporter SNAT2 (Takanaga H et al.,, 2002) and the system ASC
transporters (Barker GA et al., 1999; Pinilla-Tenas J et al., 2003; Yamamoto T et al., 2003).
On the other hand, in brain an exclusive proline transport system (system PROT) has been
described on functional and molecular level. PROT was first cloned by RT-PCR from rat
brain (Fremeau RTJ et al., 1992) and subsequently from human brain (Shafgat S et al.,
1995). PROT is exclusively found in brain and here mainly in glutamatergic terminals in the
hippocampus, cortex and other forebrain regions (Velaz-Faircloth M et al., 1995; Crump FT
et al., 1999; Renick SE et al., 1999). It was shown that the bulk of PROT colocalises with
intracellular synaptic vesicles (Renick SE et al., 1999). This transporter binds proline with
high-affinity (K, = 10 yM) and transports in a sodium- and chloride-dependent manner

(Fremeau RTJ et al., 1992). It is proposed that PROT plays a role in regulating excitatory
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synaptic transmission, given that proline enhances glutamatergic signalling in hippocampus
(Shafgat S et al., 1995).

On the functional level a proline transport system was identified in epithelial cells of small
intestine and kidney of different mammalian species and has been defined as a sodium-
dependent transporter of both, aliphatic and cyclic imino acids and for that was designated
as system IMINO (Davies S et al., 1987). Beside L- proline substrates of these transport
system are hydroxyproline, N-methylated glycines and MeAIB (methyl-amino-isobutyric acid)
(Wright EM et al., 1984; Stevens BR et al., 1985; Vilella S et al., 1989; Munck LK et al.,
1992). Until now, the IMINO system could not identified on the molecular or genetic level,

respectively.

54 Transport systems for GABA, betaine, taurine and D-amino acids

Specialised - and y-amino acid transporting systems are responsible for influx and efflux of
the amino acid derivatives GABA, betaine and taurine. Molecular cloning studies have
revealed the existence of three high-affinity subtypes of GABA transporters (GATSs) in the rat
and human brain: GAT1 (SLC6A1), GAT2 (SLC6A13), and GAT3 (SLC6A11) (Guastella J et
al., 1990; Borden LA et al., 1992). GAT1 and GAT3 are exclusively expressed in the central
nervous system, whereas GAT2 is also present in peripheral tissues, mainly in liver and
kidney (Lopez-Corcuera B et al., 1992; Liu M et al., 1999). In brain, the GATs are expressed
in neurons as well as in glia cells and are responsible for the re-uptake of GABA from the
synaptic cleft. The GATs are operating in a sodium- and chloride-dependent manner (Chen
NH et al., 2004). Alongside the GATs, GABA is also transported by BGT-1 (Betaine/GABA
Transporter 1, SLC6A12) in addition to betaine. BGT-1 is predominantly expressed in brain
and kidney. This protein seems to be involved in cell volume regulation (Bitoun M et al.,
2000). Similarly, a high affinity taurine transporter TAUT (SLC6A6) was cloned from rat brain
and subsequently from human placenta. The protein is found in brain, retina, liver and kidney
(Smith KE et al., 1992b; Ramamoorthy S et al., 1994). Expression of TAUT was shown to be
induced by hypertonicity and by high levels of taurine, suggesting a role of the transporter in
regulation of osmotic balance (Takeuchi K et al., 2000; Cammarata PR et al., 2002).

To date, all the identified and cloned amino acid transporters are highly stereoselective
systems, accepting, if at all, D-amino acids only with poor affinity and low transport rates.
The sole exception is the Asc-1 protein (SLC7A10) cloned from human brain (Nakauchi J et
al., 2000). This transporter can bind D-serine with high affinity (K., = 30 yM) and might
transport physiologically D-serine in brain in a sodium-independent manner, typical for the
system ASC (Nakauchi J et al., 2000).

Despite the fact that a huge number of amino acid transporter cDONAs has been identified

and subsequently characterised, some transporters are still missing on the molecular level.
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Although their transport characteristics are well described on functional levels for intestinal
and renal transport of betaine and taurine in different cell systems, this(these) transporter(s)
has (have) not been cloned yet. Moreover, there is strong evidence for a transport system
existing in the apical membrane of enterocytes and renal epithelial cells that couples
transport of small amino acids and their derivatives to proton movement instead of sodium
cotransport. This transport activity was named system PAT (Thwaites DT et al., 1995b). In

the following sections the system PAT is described in detail.



Introduction 20

6. System PAT: Mammalian Proton-coupled Amino Acid Transport

In prokaryotes proton coupled transport systems for various nutrients are well described and
have been characterised in detail. Phenomenological similar systems were not anticipated to
exist in eukaryotes or even mammals. However, the ability of a proton electrochemical
gradient to energise the net uptake of solutes for example across the brush border
membrane of mammalian epithelial cells was shown first for the di- and tripeptide
transporters PEPT1 and PEPT2. In 1983 Ganapathy and Leibach demonstrated that
transport of the dipeptide glycyl-proline across the brush border membrane of small intestinal
cells is stimulated by an cell-inward directed proton gradient (Ganapathy V et al., 1983). This
pH dependency was also shown for the renal peptide transporters (Ganapathy V et al.,
1982a and b; Ganapathy V et al., 1983). Flux coupling experiments revealed later that the
peptide transporters indeed act as substrate/proton symporters and independent from
sodium or chloride gradients (Kottra G et al., 2002). Beside the PEPTSs, only the sugar
transporter SGLT1 (sodium/glucose transporter 1) was shown to act in a proton symport
mode under sodium-free conditions. Although, naturally driven by a sodium gradient, sodium
can be replaced by protons in SGLT1 resulting in transport rates of about 30% of the
Na*/glucose rates (Wright EM et al., 1994). The identification of other solute transporters
linked to a proton rather than to a sodium-electrochemical gradient has received little

attention.

Particularly the studies by Thwaites et al. (Thwaites DT et al.,, 1993a; Thwaites DT et al.,
1993b; Thwaites DT et al., 1994; Thwaites DT et al., 1995a; Thwaites DT et al., 1995b;
Thwaites DT et al., 1995¢c; Thwaites DT et al., 1999a; Thwaites DT et al., 1999b; Thwaites
DT et al., 2000) and of the laboratory around Sheik (Roigaard-Petersen H et al.,, 1984;
Roigaard-Petersen H et al., 1987; Jorgensen KE et al., 1987; Jessen H et al., 1988a; Jessen
H et al., 1988b; Roigaard-Petersen H et al., 1988; Roigaard-Petersen H et al., 1989; Jessen
H et al., 1989; Roigaard-Petersen H et al., 1990; Jessen H et al., 1991a; Jessen H et al.,
1991b; Jessen H et al., 1991c; Jessen H et al., 1992) provided evidence for the existence of
a proton-driven amino acid transporter PAT in the apical membrane of mammalian intestinal
and renal epithelial cells. This functional studies were carried out mainly in the human cancer
cell line Caco-2, which exhibits after differentiation typical characteristics of enterocytes.
BBMVs prepared from renal and intestinal epithelial cells were also employed.

Jorgensen and Sheikh were the first to demonstrate that transport of L-alanine into vesicles
from kidney whole cortex is mediated by both Na'-dependent and Na‘-independent but
electrogenic, processes, indicating the presence of an active, Na*-independent transporter in
these vesicles (Jorgensen KE et al., 1987). By preparing BBMVs either from pars convoluta

or pars recta it becames clear that the Na'-unspecific transport system for L-alanine was
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exclusively localised to the pars convoluta. A closer examination of the mechanism of
transport of L-alanine in vesicles from pars convoluta revealed that an H* gradient (pHou >
pHi,) could drive the transport of L-alanine into the vesicles in the absence of sodium
(Jorgensen KE et al., 1987). Using Caco-2 cells, L-proline was shown to be transported
under Na'-free conditions in a pH dependent manner across intact intestinal cell monolayers.
That proline transport was associated with transport of H* across the apical membrane was
revealed by a simultaneously decline of intracellular pH, measured with the pH-sensitive
fluorescent dye BCECF (2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein). Moreover, the
authors were also able to demonstrate that the pH-dependent L-proline transport is
electrogenic by measuring short circuit currents (Thwaites DT et al., 1993b). Further studies
proofed that the driving force for this transport in human intestinal and rabbit renal cells is a
cell inwardly directed pH gradient and that amino acid influx is coupled to an intracellular
acidification. The proton gradient is generated in the intestine and renal epithelial cells by the
activity of the Na*/H" exchanger 3 (NHE3), which in turn is coupled to the Na® gradient
generated by a Na'/K* ATPase (Figure 5).

4——— glycine
alanine

proline
GABA
betaine
taurine
D-serine
cycloserine

Figure 5: Proposed transport mode of the PAT activity found in the apical membrane of small intestinal
and renal epithelial cells.

The system PAT was found to transport only the small and neutral amino acids glycine,
alanine, proline and to some extend serine (Roigaard-Petersen H et al., 1987; Jorgensen KE
et al., 1987; Jessen H et al., 1988b; Roigaard-Petersen H et al., 1988; Kapoor M et al.,
1988a; Kapoor M et al., 1988b; Roigaard-Petersen H et al., 1990; Nicklin PL et al., 1992;
Thwaites DT et al., 1993b; Thwaites DT et al., 1994; Thwaites DT et al., 1995bb; Jessen H et
al., 1996; Thwaites DT et al., 1999).
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Although system PAT appeared to be very restrictive regarding the amino acid side chain, it
was also shown that derivatives of these small and neutral amino acids were accepted as
substrates as well. In intestinal as well as renal epithelial cells from human, rabbit and rat it
was demonstrated that in addition to glycine, alanine and proline also hydroxyproline, B-
alanine, sarcosine, betaine, taurine, MeAIB and GABA were taken up into cells in a symport
mode with protons (Jessen H et al., 1988a; Roigaard-Petersen H et al., 1989; Jessen H et
al., 1989; Ranaldi G et al., 1994; Thwaites DT et al., 1995b; Thwaites DT et al., 1995c;
Thwaites DT et al.,, 1999). Selected D-amino acids such as D-alanine, D-proline, D-
cycloserine were shown to interact with the substrate binding site of this transport system by
competitive inhibition (Jessen H et al., 1988a; Roigaard-Petersen H et al., 1989; Ranaldi G et
al., 1994; Thwaites DT et al., 1995b; Thwaites DT et al., 1995c). Another characteristic of the
system PAT is that both glycine and the imino acids proline and hydroxyproline are
transported by the same carrier (Roigaard-Petersen H et al., 1984; Thwaites DT et al.,
1995b). The affinities of these amino acids and derivatives to system PAT in Caco-2 cells are
similar to the affinities described in renal brush border membrane vesicles and are in the
range of 2 - 10 mM (Tab. 2).

in vitro K, values (mM)

substrate Caco-2 renal BBMV
glycine 53+04 3.9
L-alanine 57+0.7 4.4
L-proline 9.2+09 4.5
L-serine + 3.7
GABA 1.95+0.78 not tested
B-alanine 8.1t£1.1 4.0
hydroxy-L-proline + 7.0
taurine + 29
D-alanine + 79+04
D-proline + 3.9
hydroxy-D-proline not tested 9.7
D-cycloserine 15.8+2.0 not tested

Table 2: Apparent affinities of system PAT substrates. K, values are taken from the literature on Na'-
independent, proton-driven transport activity, as found in the apical membranes of Caco-2 cells and in renal brush
border membrane vesicles (BBMV) from pars convoluta. +, no Ky values were determined but compounds
showed first order inhibition kinetics for uptake of a PAT substrate.

In spite of the strong evidence for a mammalian amino acid transport system that acts like
the prokaryotic and lower eukaryotic solute transporters as a proton/substrate symporter in

epithelial cells of the small intestine and kidney and being different from the other Na*-
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coupled solute transporters, the existence of a PAT protein was mistrusted by many
scientists. The doubts were supported by the fact that a cDNA coding for a protein that

exhibits PAT-like activity could not beeing identified for long time.

In 2001 Sagne C et al. described the cloning of the first mammalian amino acid transport
protein acting as a proton/amino acid symporter. They cloned the transporter from rat brain
and detected the protein in neuronal lysosomes by immunohistochemical studies. It was
therefore designated as rat lysosomal amino acid transporter-1 (rLYAAT-1). After
transfection of COS-7 cells with rLYAAT-1 cDNA, the cells displayed an elevated uptake of
proline, alanine and GABA. Inhibition studies with GABA as a tracer revealed that out of the
20 proteinogenic amino acids only glycine, proline and alanine were able to inhibit uptake of
GABA. Transport rates of GABA increased with decreasing extracellular pH and were
independent of sodium. The affinity of GABA for transport by rLYAAT-1 was determined with
around 0.5 mM. The authors found the LYAAT-1 mRNA in most of the tissues examined,
inter alia in brain, lung, kidney and liver. Expression of rLYAAT-1 in small intestine was not
investigated (Sagne C et al.,, 2001). The authors hypothesised that rLYAAT-1 could be
responsible for the export of amino acids derived from protein breakdown in lysosomes by
using the proton gradient between lysosome and cytoplasm (higher lysosomal and lower
cytoplasmatic proton concentrations). However, it was not analysed whether rLYAAT-1 is
expressed always and exclusively in the lysosomal membrane or whether this is dependent
on the tissue where the protein is expressed. Moreover, only basic functional data of
rLYAAT-1 expressed in COS-7 cells were obtained and a link to the transporters of the PAT
system was not made.

Almost simultaneously we identified and cloned the murine orthologue of rLYAAT-1, which
was designated as PAT1. Identification of PAT1 and the other members of the PAT-family is

described in the following section.
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7. Identification and cloning of a mammalian proton/amino acid symporter family

During the last years several eukaryotic genomes were completely sequenced and genome
sequence data of man and mouse as well as of several other eukaryotes are available online
in different databases. Therefore, so far unknown genes can be identified in silico, which
represents the cloning of a functional cDNA starting from homology-based sequence-
information of genes with known functions. Before cloning of the PAT proteins all functionally
described AAAP transporters were scanned for homologous regions using the blastp
method. The observation was made that all AAAP members exhibit a common signature
within their protein sequence. Furthermore, hydrophobicity plots of functional AAAP
members were very similar and predicted that the transporters are also very similar regarding
their secondary structure. Most of the functional members analysed were from yeast and
plants. They all were shown to transport amino acids and derivatives, mostly by utilising a
transmembrane pH gradient. It therefore was suggested that a common motif in the AAAP-
gene-family may provide a tool for identification of the not yet identified mammalian proton-
dependent amino acid transporters of the PAT system as described in the apical membrane
of small intestinal and renal epithelial cells.

As a first step in identifying PAT-relevant sequences out of a whole genome, different
sequence databases were searched for sequence intercepts with a common AAAP
signature. As search template the protein sequence YKL146w from Saccharomyces
cerevisiae was used (Boll M. et al., 2002). This sequence is related to the neuronal vesicular
GABA-glycine transporter VGAT/VIAAT, the first mammalian AAAP-member that has been
cloned. Following databases were mainly used: the murine and human Expressed Sequence
Tag (EST) databases, the human genome sequence, and additionally the murine Shotgun-
genome sequence database.

In the murine EST database a sequence was found, possessing the AAAP signature. To this
sequence, denoted with the accession number AW048509, was no function assigned at that
time. The potential complete cDNA was constructed by assembling the corresponding
overlapping EST sequences. Subsequently this sequence was used for searching of
additional members of this AAAP subfamily in the murine and human genomes. In both, the
human as well as in the murine genome four genes from each species were identified. None
of the genes was known at this time. Moreover, bioinformatic analysis of the human genome
project did not predict the respecting parts of the genome as coding regions. The individual
steps of obtaining the complete murine cDNAs of the designated PAT1 - 4 transporters are

described here in brief.

In case of the murine PAT2, an EST clone (IMAGp998B154710Q2, RZPD) was identified,

containing the complete open reading frame. For identification and assembling of PAT1,
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PAT3 and PAT4 from mouse, different strategies were used. At first, using the PAT2
sequence as a template, mammalian EST databases were searched in an attempt to
assemble the sequences. Additionally, the human genome and the murine shotgun-genome
sequence were analysed for the corresponding transporter genes. When the complete open
reading frame (ORF) could not be constructed, putative exons were determined with
genescan-programs. The complete 5-ends of cDNAs were verified and identified by the
5RACE technique (RACE: rapid amplification of cDNA ends) and the derived cDNA
sequences were checked for in vivo expression in murine tissues using RT-PCR.

After assembling of the complete cDNA sequences of the murine PAT1, PAT3 and PAT4,
gene-specific primers flanking the ORF were used for RT-PCR to gain functional cDNA
clones. PCR-products were cloned into a modified pCRII-vector (Invitrogen). The pCRII
vector contained a 700 bp fragment of the rabbit PEPT2 3'-end inclusive poly(A)-tail for
stabilising the synthesised cRNA.
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Figure 6: Proposed membrane topology model of the murine PAT1 transporter. Amino acids are
represented by circles, with the amino acid residue in the one-letter code. Putative transmembrane domains are
shown schematically. Red circles (with white letters) represent identical residues in the PAT1 to PAT4 proteins.
The conserved putative N-glycosylation site is marked as a branch. The three conserved histidine residues are
marked by blue circles and arrows.

The murine sequences have all been verified on cDNA levels and the human sequences
were derived from genomic and EST sequences. Hydropathy analysis, using the Kyte and
Doolittle algorithm, revealed topology models with 11 TMDs for the human as well as murine

PAT1 and PAT2 proteins, as shown for the murine PAT1 model in Figure 6.
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Whether the PAT3 and PAT4 proteins exhibit 10 or 11 TMDs is not clear due to lower
hydrophobicity values in the region corresponding to TMD 8 in PAT1 and PAT2 (Boll M et al.,

2003). Figure 7 shows the sequence alignment of the identified human and murine PAT

transporters.
. : . . .. . Kk sakk ek hokhk  hkkhhkkhk o khkkk o

hPAT3 ---MILLGRDYN LNSLDNGP-QSPSESSSSITSENVH- - - - - lM LLKCNIGTGLLGLPLAT GL 72
mPAT3 MGNVPLLREVGK - RNMFGRST -ASSKGSSNSRSSSSIS- - - - - PKKGPR-RKADALMF I LLKSNIGTGFLGLPLA GL 80
hPAT1 --- - ----PGSYQRFGQSNS| F LL! IGTGLLGLPLA GI 77
mPAT1 ---MSTQR-LRN---EDYHDY¥SSTD-VSPEESPSEGLGSFS------ PGSYQRLGENSS F LL: GLLGLPLA GL 76
hPAT2 SlEG---P GAVAIKLDLMSPP FLDESPSESAGLKKTKGITVFE! L GILGLPLA GI 84
mPAT2 SARS - - - P ATPLNL -L--P| SSESS - -KKTKGITGF L GILGLPLA GI 79
hPAT4 AAATPAAAGAAI LL: GLLGLPLAT GI 89
mPAT4 APAPAE.AG--- GLLGLPLAT 86
ruler 1.......10........20........30........40........50........ 60........70........80........

sakkokk s ok g kkk kko ke o kgo. . sk 2o s k. ss sz kkk ok kokg kkkhkkk _hky ok kok o
hPAT3 LVGPVSLLAIGVL CMVILLNCAQ LS| CPN.WL LGF 162
mPAT3 LVGPVSLLAIGAL CMDILLNCACHLT SLETCPSPWLR' LGF 170
hPAT1 VMGPISLLIIGIVAVHCMGIL FC: GLESSPCSWL LGFC 167
mPAT1 LLGPLSLLVIGIVAVHCMGIL LC: GLECSPSTIWV. RIVDFFLI LGFC 166
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Figure 7: Multiple sequence alignment of the human and mouse PAT proteins. The alignment was
performed with the ClustalX 1.8 program. Single, fully conserved residue (*), “strong” groups, fully conserved (:),
and “weak’ groups, fully conserved (.) are indicated. Amino acids are merged to groups due to their properties
(acidic, basic, charged), indicated by different colours. Protein weight matrix according to the Gonnet series
(Gonnet Pam250), strong and weak groups are defined as strong score >0.5 and weak score =<0.5, respectively.
Gap opening, 10; Gap extension 0.2
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The PAT proteins comprise 470 to 483 amino acids. The human and murine PAT proteins
are closely related to each other, they show high sequence similarity to each other with 91%
(PAT1), 89% (PAT2), 83% (PAT3) and 87% (PAT4) over the entire protein sequence. PAT1
and PAT2 are the most closely related paralogous with an overall similarity of 80%. Within
the entire PAT family, a similarity in protein sequence of at least 47% was observed,
indicating a high degree of conservation between the proteins. Conserved residues are
distributed over the entire protein sequences, with the exception of the 40 to 50 amino-acid-
long N-terminal stretch. In the PAT proteins, the N-terminus is predicted to be located in the
cytosol, whereas the C-terminus may face the extracellular side. The most closely related
mammalian protein is the LYAAT-1 transporter from rat.

Tissue specific expression of the PAT transporters at the mRNA level were determined by
northern blot analysis with PAT-specific cDNA probes (Figure 8). The expression pattern of
the murine PAT transporters is very heterogeneous. The PAT1 transcript (5.0 kb) was found
to be expressed in almost all tissues with high intensity in small intestine, kidney, brain and
colon. Strong expression of the PAT2-mRNA (2.5 kb) was detected in lung and heart, weaker
signals were also found in kidney, muscle, testes and spleen. PAT3-mRNA (1.9 kb)
expression was restricted to small intestine, colon and testes whereas the PAT4-mRNA (5.7
kb) was found in all tissues examined expect small intestine. The strong expression of PAT1-
mRNA in small intestine and kidney made this potential amino acid transporter to be a good

candidate protein for the functionally described PAT-system.

1 2 3 4567 89 10 11

1234551_?9
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Q 4 18kb

Figure 8: Tissue distribution of the murine PAT1, PAT2, PAT3 and PAT4 mRNA. (A) Northern blot was
performed with murine Poly(A)-RNA isolated from different tissues using mouse PAT subtype-specific cDNA
probes. As a control for the RNA integrity, the blot was also probed for B-actin. (B) 5ug total RNA of the indicated
mouse tissue was reverse transcribed with oligo(dT) primers. In the PCR, cDNA specific primers were used to
detect the subtype mRNAs. As a control for the RNA integrity, the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) PCR product was amplified. Black lines on the left side indicate the 1000 and 100 bp DNA ladder
fragments. 1 small intestine; 2 kidney; 3 brain; 4 testis; 5 lung; 6 heart; 7 liver; 8 muscle; 9 colon; 10 spleen; 11
control.
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AIMS AND ACHIEVEMENTS OF THE THESIS

The existence of a proton-dependent transport system for small, neutral amino acids and
selected derivatives in the brush border membrane of small intestinal and renal epithelial
cells was well documented in various studies without knowing the responsible genes and
proteins. By functional studies it was convincingly shown that glycine, alanine, proline and
inter alia the neurotransmitter GABA are taken up into epithelial cells, energised by a proton-
driven mechanism. In our laboratory four novel mammalian genes were identified, possibly
encoding these proton-driven amino acid transport proteins.

The main intention of the present Ph.D. project was to assess whether the cloned
transporters PAT1 - 4 from mouse and man indeed mediate amino acid uptake after
heterologous expression. It could be demonstrated that mouse and human PAT1 and PAT2
proteins are proton-driven transporters for small and neutral amino acids and selected
derivatives. PAT1 represents in comparison to PAT2 a low affinity, high capacity system and
is postulated to be the molecular entity of the described system PAT in renal and intestinal
epithelial cells. So far, PAT3 and PAT4 remain orphan transporters as no function could be
assigned to these proteins. Several approaches were used to characterise PAT1 and PAT2
in more detail. After expression of the transporters in Xenopus laevis oocytes the functional
characteristics of the transporters were specified with electrophysiological, tracer-flux studies
and intracellular pH measurements to elucidate substrate selectivity and specificity. lon, pH
as well as membrane potential dependencies were determined; minimal structural
requirements for substrate recognition and transport were characterised and the transport
mode was investigated. Moreover, short-chain fatty acids were identified as a new class of
substrates for the PAT1 and PAT2 transporters.

To gain insights into potential physiological functions of the PAT1 and PAT2 transporters,
cellular and subcellular localisation of the transporters in selected tissues and cell lines were
determined with immunohistochemical and immunofluorescence approaches using PAT1-
and PAT2-specific antibodies. Furthermore, fusion proteins of the PAT2 transporter with GFP
enabled a localisation of the transporter in the plasma membrane, at least in part, in HelLa
cells and in the neuronal cell lines GT1 and N2A.

Based on amino acid sequence, orthologous proteins in C. elegans and D. melanogaster
were identified and their phylogenetic relationship was determined. Two closely related
proteins of PAT1 from C. elegans were cloned, but after expression in X. laevis oocytes no

transport activity could be detected.
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1. Revelation of two new mammalian proton/amino acid transporters: General

characteristics

The PAT system was previously shown to exist in the apical membrane of small intestinal
and renal epithelial cells (Roigaard-Petersen H et al., 1990; Thwaites DT et al., 1995b). At
the beginning of the project underlying this thesis the molecular identity of the underlying
gene and protein was not known. By homology screening, with the yeast sequence AVT3
(Vacuolar Amino Acid Transporter 3) (Russnak R et al.,, 2001) as a template two closely
related murine transporter proteins, designated as mPAT1 and mPAT2, were identified in
mammalian EST databases. To determine whether these transporters indeed function as
rheogenic amino acid transporters, the transporters were expressed in X. /laevis oocytes and
the two electrode voltage clamp technique (TEVC) as well as flux studies were applied to
characterise their transport function [Appendix 1].

Both murine PAT transporters displayed very similar functional properties when expressed in
X. laevis oocytes. Both transporters mediate uptake only of the small and neutral amino
acids glycine, alanine, and proline. Transport is electrogenic and was shown to be enhanced
by hyperpolarising membrane potentials. Interestingly, in contrast to many other mammalian
solute transporters murine PAT1 and PAT2 activity does not depend on the presence of Na”,
CI, or K* but is strongly dependent on the extracellular H* concentration. A decrease in
extracellular pH leads to a significant increase of transport activity of both, PAT1 and PAT2
[Appendix 1, Fig. 3]. A strongly decreased uptake of proline into HelLa cells overexpressing
PAT1 in presence of the protonophore nigericin, which dissipates the chemical proton
gradient (ApH) across the plasma membrane without affecting the electrical gradient,

confirmed our finding that ApH is the major driving force for PAT1 (Wreden CC et al., 2003).
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Figure 9: Amino acid induced intracellular pH changes in mPAT1 expressing X. laevis oocytes: Oocytes
were clamped to a membrane potential of -60 mV and pH changes were recorded with an hydrogen-ion selective
microelectrode (upper trace) simultaneously with the changes in holding currents (lower trace). White boxes
indicate perfusion with Na* containing buffer at pH 7.4, grey boxes indicate perfusion of Na* containing buffer at
pH 6.5. Presence of amino acids at concentrations of 20 mM each is indicated by black lines.
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That protons are directly transported by the PAT proteins across the plasma membrane was
demonstrated by substrate-induced intracellular acidification as measured with hydrogen-
selective microelectrodes (Figure 9). Net charge movement across the membrane results
almost exclusively from proton influx, since the amino acids are almost exclusively
zwitterionic in the pH range studied. Charge to flux coupling experiments revealed that
movement of one amino acid across the membrane is coupled to the movement of one
proton. This was shown for the murine PAT1 as well as the PAT2 protein [Appendix 1, Fig.
4]. This stoichiometry seems to be conserved in the PAT family as the rat orthologue
PAT1/LYAAT-1 has also been shown to couple current stoichiometrically to transport with a
rate of 1:1 (Wreden CC et al., 2003).

Regarding amino acid substrates, both transporters display a quite narrow substrate
specificity. As substrates are accepted amino acids with a small and apolar side chain, like
glycine, alanine, and proline, whereas the hydroxy-group containing L-serine is only poorly
transported. Although PAT1 and PAT2 seem to be very restrictive regarding substrate
recognition for binding and transport, it was shown that they do accept also the D-isoforms of
alanine, proline, and serine as well as small B-amino acids, y-amino acids, and N-substituted
amino acids [Appendix 1, 2, 6 and 7]. It was shown that R-alanine, GABA, and betaine are
good substrates for PAT1, but poor substrates for PAT2. In general, the PAT2 protein
exhibits higher affinities to L-amino acid substrates than the paralog PAT1. The transport
characteristics of the PAT1 protein regarding substrate specificity, affinity, and enantio-
selectivity and transport mode turned out to be very similar to the transport system in the
apical membrane of the human intestinal cell line Caco-2 described by Thwaites et al.
(Thwaites DT et al., 1993b; Thwaites DT et al., 1994; Thwaites DT et al., 2000). The facts
that PAT1 was cloned by RT-PCR from murine small intestinal RNA and that it is strongly
expressed in the small intestine, also supported the assumption that PAT1 represents the
molecular identity of the proton-dependent amino acid transport activity described in Caco-2
cells [Appendix 1, Table 1]. This hypothesis was confirmed later by the cloning of human
PAT1 from Caco-2 cells and by the identification of the PAT1 protein in the apical membrane

of enterocytes (Chen Z et al., 2003a).

In conclusion, with the PAT1 and the PAT2 proteins two transporters of a new mammalian
family of amino acid transporters were identified. This was also the first description of
mammalian amino acid transporters acting as proton-coupled cotransporters. Although the
cellular and subcellular localisation is not yet finally determined, these transporters may act
as plasma membrane carriers for small neutral amino acids and their derivatives in several

tissues and cell types.
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2. The PATs represent a new mammalian subgroup within the AAAP-family

During the ongoing cloning work in our laboratory the cloning of a lysosomal amino acid
transporter from Rattus norvegicus, named rLYAAT-1 was published (Sagne C et al., 2001).
At this time, LYAAT-1 was the only functionally known and characterised mammalian
homologue of the murine PAT1 and PAT2 transporters. LYAAT-1 represents the rat
orthologue of the murine PAT1 protein. More members of the PAT/LYAAT family have
meanwhile been identified at the molecular level. The rat orthologue (rPAT2) of the murine
PAT2 was cloned from a lung cDNA library and was functionally characterised after
expression in X. laevis oocytes (Chen Z et al., 2003b). Additionally, rPAT2 was also isolated
from sciatic nerve and was found to be a “protein rich in transmembrane domains” and
therefore was designated as tramdorin-1 (transmembrane domain rich protein). The function
of tramdorin-1 was not analysed (Bermingham JRJ et al., 2002), but the sequence shows
99% identity to rPAT2. Differences are most likely due to polymorphisms or sequencing
errors and therefore these two proteins are identical. Moreover, we were able to clone the
human PAT1 transporter from Caco-2 cells and homology screening of a human testis cDNA
library enabled us to clone hPAT2. Additionally, basic functional features of the human
transporters PAT1 and PAT2 were determined [Appendix 2, Fig. 7]. Human PAT1 was also
cloned and characterised by Chen Z et al. in 2003. The newly identified family of mammalian
proton-coupled amino acid transporters include two orphan members found in the human,
mouse, and rat genome, designated as PAT3 and PAT4 [Appendix 2, Fig. 4] (Chen Z et al.,
2003a; Boll M et al., 2004).

Functionally, all transporters of the PAT family characterised so far represent mammalian
proton/amino acid symporters. They have been shown, except the orphan members PAT3
and PAT4, to mediate uptake of glycine, alanine, and proline after expression in a
heterologous cell system. Transport activity is independent of Na* and CI', but strongly
dependent on pH and leads to a pronounced intracellular acidification, indicating a
proton/amino acid symport mode [Appendix 1 and 2] (Sagne C et al., 2001; Chen Z et al.,
2003a; Chen Z et al., 2003b). The proteins all consist of about 500 amino acids and are
predicted to possess 11 transmembrane domains [Appendix 2, Fig. 1 and 2] (Chen Z et al.,
2003a; Wreden CC et al., 2003). The PAT proteins show high sequence similarity to each
other, including the orphan members PAT3 and PAT4. On protein level an identity of at least
48% within the PAT family is found. Table 3 summarises the features of cloned and
characterised members of the mammalian PAT family of proton/amino acid symporters with

respect to their main substrates, tissue distribution, and chromosomal localisation.
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Protein Human Alias amino  transport type/ Tissue human species
name gene acid coupling ions distribution gene counterparts
name substrate (mRNA level) locus cloned

PAT1 SLC36A1 LYAAT-1 G,A P, CIH* brain (neurons), 5q33.1 mouse, rat

GABA, D- small intestine,

Pro, D-Ala, colon, kidney, lung,

MeAIB liver, spleen
PAT2 SLC36A2 Tramdorint G, A, P C/H* lung, heart, kidney 5qg33.1 mouse, rat
PAT3 SLC36A3 - - orphan testes 5q33.1 mouse
PAT4 SLC36A4 LYAAT2 - orphan brain, lung, heart, 11914.3 mouse

colon

Table 3: The mammalian proton coupled amino acid transporter family SLC36. Adapted from Boll et al.
(2004)

The PAT transporters are belonging to the eukaryotic AAAP transporter family (Young GB et
al., 1999). Phylogenetic analysis revealed that the PAT/LYAAT proteins form a third
subgroup within the mammalian AAAP family, in addition to the VGAT/VIAAT and the system
A/N transporter branches (Figure 10). A comparison of the amino acid sequences of PAT1
and PAT2 with proteins of the two other mammalian AAAP subgroups revealed that the
identified PATs are only distantly related to these branches. They exhibit 36% or 33%
similarity and 19% or 17% identity with the VGAT/VIAAT and the system A/N transporters,
respectively. Nevertheless, all related mammalian AAAP proteins show amino acid transport

activity combined with a proton sensitivity.

By database search for PAT homologous proteins several yet “hypothetical’ proteins from D.
melanogaster and C. elegans were found with significant sequence similarity to the human
and mouse PAT proteins. So far only for the unc-47 gene, the C. elegans orthologue of
VGAT, a physiological function has been assigned (Mclintire SL et al., 1997). In C. elegans 6
proteins and in D. melanogaster 8 proteins were identified as potential PAT-like proteins at a
threshold level of at least 45% similarity (Figure 10). PAT-like genes were also found in the
plant A. thaliana as well as in the malaria mosquito Anopheles gambiae. A survey of the
human and mouse genome sequences revealed no additional PAT like proteins. In the C.
elegans and D. melanogaster genomes only one VGAT-like protein but no clearly defined
system A/N protein was found. The large number of PAT-like proteins as found in D.
melanogaster and C. elegans as compared to the 4 PAT proteins found in mammals and the
low number of Na'-driven transporters in C. elegans and D. melanogaster suggests that
these organisms are evolutionary still closer to the prokaryotes and simple eukaryotes.
Although not yet well defined, the more prominent numbers of Na*-dependent transporters in
higher eukaryotes appears to have co-evoluted with the appearance of Na'/K* ATPase. The
proton-driven systems as found in mammals may in turn be coined the “archaic nutrient

transporters”.
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Figure 10: Dendogram of AAAP members from invertebrates and mammals. Clustering of the AAAP
superfamily in the three mammalian subfamilies is demonstrated. The closely related PAT-like proteins out of D.
melanogaster, (green) and C. elegans (red) to mammalian PATs (blue) are shown. The Dendogram was
constructed by the neighbour joining method using the ClustalX 1.8 program. The scale bar indicates the distance

between the proteins (0.05 = 1 exchange per 20 amino acid residues).
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3. Specific functional characteristics of PAT1 and PAT2

As mentioned before the general transport characteristics of proton/substrate cotransport
appears to be conserved throughout the mammalian PAT family. The orthologous proteins in
mouse, rat, and human seem to have similar, if not even identical functional characteristics,
such as identical substrate specificity, similar affinities, and inhibition constants (Figure 11)
(Sagne C et al., 2001; Chen Z et al., 2003a; Chen Z et al., 2003b; Wreden CC et al., 2003).
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Figure 11: Functional characteristics of the human PATL1 transporter: Experiments were performed with
hPAT1 expressing oocytes under TEVC conditions. Results are shown as the mean + SEM of at least 8 different
oocytes of different batches. (A) Substrate-dependent transport kinetics induced by perfusion of glycine (filled
square), alanine (rhombus) and proline (open triangle). (B) Effect of equimolar replacement of 100 mM NaCl by
choline-Cl or Na'-isethionate on glycine evoked currents. (C) Proton-dependent inward currents under Vimax
conditions (50 mM glycine). (D) Membrane potential dependency of glycine-induced inward currents.

Despite the fact that both, PAT1 and PAT2, display an overall similar substrate specificity,
the PAT isoforms 1 and 2 possess distinct differences in transport function.

PATL1 is in comparison to PAT2 a low affinity transport system. The apparent K, values for its
substrates are in the millimolar range (2 - 15 mM). In contrast, the apparent affinities of PAT2
substrates are in the micromolar range (100 - 1000 uM), and around 10 to 30-times higher
than the corresponding affinity for PAT1 under identical conditions (see Table 4 on page 39).
The observed apparent affinities are in conformity with the results obtained in other
expression systems (Sagne C et al., 2001; Chen Z et al., 2003a; Wreden CC et al., 2003).
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3.1 Minimal structural requirements of aliphatic amino acid PAT substrates

By testing a large set of aliphatic amino acids and structurally related compounds the
structural requirements underlying the substrate specificity of PAT1 [Appendix 3] and PAT2
[Appendix 7] were defined.

This series of experiments revealed that PAT1 exhibits a broader substrate specificity than
originally expected, including the osmolytes sarcosine and betaine, the D-amino acids
D-serine, and D-alanine as substrates (Table 4) [Appendix 3, Fig. 3]. The critical structural
elements for PAT1 substrates are a) an unsubstituted negatively charged carboxyl-group, b)
a small size of the amino acid side chain (maximal 2 CH,-units), and ¢) a short spacer
distance between the charged amino and carboxyl groups (maximal 3 CHs,-unit). On the
other hand, a free amino group within the PAT1 substrate is not essential and the carboxyl
group is exchangeable by a sulfonic acid group, as in taurine or by a sulfinic acid group, as in
hypotaurine (Figure 12).

Similar criteria apply also for the substrate recognition pattern of PAT2, when high affinity
(Ky =0.1 - 1 mM) and low affinity substrates (K, =5 - 15 mM) are considered [Appendix 7,
Table 1]. The differences to PAT1 are a) the maximal spacer distance between amino and
carboxyl group in a PAT2 substrates should consist of maximal 2 CH,-units, as GABA is not
accepted as substrate, and b) a more sensitive interaction between the amino group of the
substrate and the respective binding pocket of PAT2, as betaine seems not to be recognised

by PAT2, whereas it represents a good substrate of PAT1 [Appendix 7, Fig. 1].

PAT1 PAT2
(low affinity type) (high affinity type)

D-form D-form

(+ -OH, -SH group) (+ -OH)

- E CH,-unit m ‘i CH,-unit
v

<3 CH,-units < 2 CH;-units

Figure 12: Proposed model of the substrate binding site of the transporters PAT1 and PAT2. The substrate
binding is shown here schematically for the model substrate L-alanine. The binding site of both transporters is
proposed to possess three binding pockets. P1 for the binding of the negatively charged carboxyl group, P2 for
the positively charged amino group and P3 for the interaction with the side chain of the amino acid substrate. The
P2 binding site in PAT1 accepts a up to triple-methylated amino group (indicated by R), whereas for high affinity
binding in PAT2 the amino acid should carry only an one-methylated group. In the D-configuration of amino acid
substrates the P3 binding pocket accepts additionally side chains containing hydroxyl groups (PAT1 and PAT2)
and thiol groups (only PAT1). The maximal distance between the amino and the carboxy terminus of amino acid
substrates consists in PAT1 of 3 CHz-units and in PAT2 of 2 CHz-units.
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However, when based only on the high affinity substrates, PAT2 is more strict in substrate
recognition and transport. Figure 12 shows that PAT2 recognises only a-amino acids (with
the exception of D-Pro) and tolerates only one substitution at the amino group of the
substrate, as in sarcosine and proline (which possesses due to its ring structure an imino
group). Interestingly, beside L-Pro also D-Pro and OH-Pro are recognised as high affinity
substrates by PAT2. This is noteworthy, since D-Pro is the only D-amino acid, and OH-Pro is
the only polar amino acid, which is accepted by PAT2. An explanation might be that the ring
structure of proline, which changes the orientation of the amino acid within the substrate
binding site, avoids a negative interference between a polar group in the side chain with the
binding site. Whether additional proline derivatives are also accepted by PAT2, as shown

recently for PAT1 (Metzner L et al., 2004), is presently not known.

apparent Kp,-value (mM)

substrate mPAT1 hPAT1 mPAT2 Caco-2 renal BBMV
glycine 7.0+07 6.8+0.2 0.59 £ 0.04 5.3% 3.9
L-alanine 7.5+0.6 3.1£05 0.26 £0.05 5.7 4.4
D-alanine 6.3+0.7 2.9+0.9* 6.5+ 1.1 + 7.9
L-proline 2.8+01 09+0.2 0.12+0.02 9.2% 4.5
D-proline 26103 25+0.3" 0.29 £ 0.03 3.9
L-serine 68.8 £5.2 29.1+7.8" 42.6+3.9 +&

D-serine 15.6+1.4 3.8+0.4" 14704 +&

D-cysteine 332+1.2 3.5+05" no substrate

R-alanine 52+0.2 14.8+1.5 8.1% 4.0
GABA 3.1+02 2.1+0.2* 30.9+0.1 1.95%

5-APA 38+1 no substrate

sarcosine 32403 0.20 + 0.01 +
N,N-dimethyl-glycine 8.5+0.5 +

betaine 54+0.3 >25mM +&

taurine 8.3+0.6 + no substrate +5 2.9
hypotaurine +

L-o-ABA 48+8 20+1.5

DL-B-aminobutyric acid 41406 nd +*

hydroxy-L-Pro 10.7+£0.9 46+0.8" 0.70 £ 0.04 +5 7
L-pipecolic acid 21.3+1.9

D-pipecolic acid 57+0.3

Nipecotic acid 3.1+0.3 no substrate +&

Isonipecotic acid 2.0+0.1 no substrate +&

L-cycloserine 99+1.6 +

D-cycloserine 54+0.6 + 15.8%

MeAIB 82+05 1.5+0.2" + 6.2%

Table 4: Apparent affinities of various compounds for interaction with the murine transporters PAT1 and
PAT2. Concentration-dependent substrate evoked currents were determined in X. /aevis oocytes expressing the
respective transporter. After Eadie-Hofstee-transformation, the K, values were calculated by linear regression
analysis. Data represent the mean + SEM of n > 6 oocytes of at least two different batches. (#) Ki-values taken
from Chen Z et al., 2003a; (&) taken from Thwaites et al., 1993-2000; (+) compound is transported but kinetic is
lacking.



Results and Discussion 43

The transport properties of the cyclic amino acid derivatives fit into the proposed binding
pocket model for PAT1 and PAT2 (Figure 12), with the addition that a longer side chain is
accepted (maximally 4 CH,-units) based on the ring structure. Nipecotic and isonipecotic acid
are good substrates for PAT1 but are not transported by PAT2, due to the side chain

restriction (nipecotic acid) and backbone length exclusion (isonipecotic acid).

3.2 Driving forces for PAT-mediated transport

Despite the fact that both transporters are electrogenic proton symporters, PAT1 is much
more affected in transport activity by lowering extracellular pH than PAT2. For example,
decreasing extracellular pH from 7.5 to 5.5 leads to an more than 6-fold increase in transport
activity of PAT1, whereas PAT2 activity is stimulated less than 2-fold. Additionally, PAT1 was
shown to possess an even higher sensitivity towards changes in membrane potential, e.g.
hyperpolarisation leads to a much stronger increase in PAT1 transport activity, than that of
PAT2 [Appendix 1, Fig. 2]. Studies in HelLa cells overexpressing PAT1, and by using the
ionophore nigericin confirmed that the proton gradient across the membrane is a driving
force for transport (Wreden C.C. et al. 2003). These effects are mirrored in the dependency
of K, values on extracellular pH. It was demonstrated that the apparent substrate affinities of
PAT1 and PAT2 strongly increase by lowering the extracellular pH, with more pronounced
effects in case of PAT1 [Appendix 6, Fig. 2 and Appendix 7, Fig. 3].

As expected (on the basis of the different pH dependencies), PAT1 and PAT2 differ
remarkable in their affinities for the cotransported proton. PAT1 exhibits an apparent H*
binding affinity of about 100 nM [Appendix 6, Fig. 1], corresponding to an pH value of 7.0,
which is 200-fold lower than the proton affinity reported for the PAT2 of 0.5 nM,
corresponding to a pH value of 9.3 [Appendix 7, Fig. 5]. This suggests that the PAT1
operates with high transport rates at more acidic conditions typically present on cell
membranes where the PAT1 activity is likely to be operational, as in the small intestine (pH
6.1 - pH 6.8) (McEwan GT et al., 1988; Daniel H et al., 1989) and neuronal lysosomes (< pH
5.5) (Golabek AA et al., 2000). Whereas PAT1 in the lysosomal membrane seems to operate
close to its maximal capacity, in the brush border membrane of the small intestine PAT1
activity can be altered by the activity of the Na*/H" exchanger NHE3 [Appendix 8].

Such a cooperation has been reported already for the proton-coupled peptide transporter
PEPT1 (Thwaites DT et al., 2002), and additionally, an activation of PAT1 activity by NHE3
has been shown in the Caco2 cell system (Thwaites DT et al., 1999). In contrast, PAT2
reaches its half maximal transport activity at a pH of 9.3, and thus operates under proton

saturation even at blood pH.
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3.3 Bidirectional transport

PAT1- as well as PAT2-mediated transport was shown to be bidirectional. Both carriers are
able to transport in both directions (inward or outward) with the direction of transport
determined by the sum of the individual driving forces, the electrical, chemical, and substrate
gradients. PAT1 and PAT2 mediated transport in the outward direction is also concentration-
dependent and exhibits a dependence on membrane potential. This was shown by using the
giant patch clamp technique (GPC) [Appendix 4, Fig.6 and Appendix 6, Fig. 8]. The PAT1
substrate specificity is symmetric in the inward and outward transport direction, as the affinity
pattern from the cytosolic side is almost identical to that from the external surface (i.e.
substrates with high affinities at the external surface exhibits also relative high affinities at the
cytosolic binding site). However, the overall substrate affinities are asymmetric with generally
around 7-fold lower affinities in the inward facing state [Appendix 6, Fig. 8]. For example,
glycine exhibits for the outward facing PAT1 protein an apparent affinity of 7.0 £ 0.7 mM,
whereas from the cytosolic side the K, value is 37 = 8 mM. This suggests major
conformational differences of the substrate binding pocket in its inside- and outside-facing
states.

The efflux mode of PAT1 and PAT2 might also be of physiological importance, since the
outward transport was shown to occur even at negative potentials, which resembles
physiological conditions [Appendix 6, Fig. 6]. PAT1 expressing oocytes showed, after
injection of radiolabelled L-proline, efflux of this amino acid in the absence of an outwardly
directed pH gradient. This efflux mode was strongly stimulated by the addition of extracellular
amino acid substrates with half maximal transactivation constants of about 1 mM. Whereas
the major physiological function of PAT1 is a net accumulative transport in the normal cellular
setting, especially in membranes possessing a pH gradient, under certain conditions PAT1
may even serve as an electrogenic proton/amino acid efflux transporter. This would might be
of interest in cell types with high intracellular concentrations of Gly, Ala, and Pro and a

negligible pH gradient across the membrane, e.g. in muscle cells.

34 Kinetic binding model

Detailed kinetic analyses of PAT1 currents induced by the reference substrate glycine under
various conditions provided a basis for a six state ordered binding model for PAT1 (Figure
13) [Appendix 6, Fig. 3]. This binding model exhibits a mirror symmetry, i.e. has the same
chronology for binding from outside and inside, in which the preferred route is for H* to bind
first (step 1). The H" binding induces a conformational change of the transporter, that permits
the amino acid to bind (step 2). The fully loaded H*/amino acid cotransport complex then
undergoes an additional conformational change and delivers simultaneously the H* and

amino acid binding site to the cytoplasmatic surface of the membrane (step 3), where the
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ligands are released into the cell interior (step 4 and 5). The final step in the transport cycle is
the return of the binding sites to the external face of the membrane (step 6).

Although such a detailed analysis was not performed for the high affinity type transporter
PATZ2, it was observed that the affinity of protons for PAT2 is not significantly affected by the
amino acid substrate, whereas the affinity of substrates is significantly dependent on the
extracellular proton concentration [Appendix 7, Fig. 4]. This suggest also a distinct binding

mode analogous to that in PAT1.
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Figure 13: Six-state ordered binding model for the proton/amino acid transporter PAT1. States Cy and C;
face the external and internal membrane surfaces, respectively. In the absence of substrates the transporter
exists in 2 stages (Co and C;). At the external surface one H binds to the transporter to form the complex Co-H"
(step 1). After binding of glycine (step 2) the fully loaded transporter undergoes a conformational change (step 3),
to face the internal membrane surface, and releases its substrates (step 4 and 5). A H' “leak” pathway (directly
conformational change from stage Co-H" to Ci-H") was not detectable.

3.5 Lack of a proton-leak pathway

The question was addressed whether both transporters might exhibit an intrinsic proton leak
by a translocation of the transporter not loaded with a substrate. No evidence for an
uncoupled H* flux was found for PAT1 and PAT2. It was demonstrated that pH jumps using
perfusion solutions with varying pH levels resulted only in a minimal shift in reversal potential,
not significantly different from that observed in water-injected control oocytes [Appendix 6,
Fig. 4 and Appendix 7, Fig. 5]. Moreover, PAT1 oocytes also showed no alterations in pH;, by
applying acidic perfusion solutions in the absence of substrates [Appendix 6, Fig. 4].

That the affinity of the proton to PAT1 and PAT2 is much more dependent on the membrane
potential than the affinities of the amino acid substrates may be explained by their different
charge. Furthermore, the effect that the binding of protons depends strongly on voltage might
be due to an “ion-well’ effect, assuming that the proton by entering the binding site of the
external faced transporter has to cross a part of the transmembrane voltage (Jauch P et al.,
1986).

Beside the strong potential dependence of proton affinity, the maximum currents for proton-

driven transport were only very moderately voltage-dependent in case of PAT1. This
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suggests that membrane voltage has only a little effect on the reorientation of the empty
transporter from the internal to the external surface of the membrane, although this
conformational change is usually the rate-limiting transport step (Jauch P et al., 1986).

Both transporters share general features, such as the voltage dependence of affinities, the
ordered binding mechanism with the ion binding first, and the “ion-well’ effect, with the
proton-coupled peptide transporter PEPT1 but also with the sodium-coupled transporter
SGLT1 and the system A transporter SA2 (Mackenzie B et al., 1996; Loo DD et al., 1998;
Chaudhry FA et al., 2002), the latter belonging to the same superfamily as PAT1.
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4. PAT1 and PAT2 as potential delivery system for short-chain fatty acids

It was established that a free amino group in a substrate is not essential for substrate
recognition by the PAT transporters. Therefore it was hypothesised that the transporters may
also be able to recognise and transport the corresponding physiologically important short-
chain fatty acids (SCFA) acetate, propionate and butyrate. This was tested by a combination
of electrophysiological analysis with uptake and inhibition experiments, and intracellular pH
measurements. It was demonstrated that SCFAs are indeed substrates of PAT1 and PAT2,
which are transported in contrast to the amino acid substrates in an electroneutral manner. If
this is of physiological relevance has to be shown.

With glycine and proline as substrates it was demonstrated that acetate, butyrate and
propionate are competing substrates for uptake by PAT1 and PAT2 [Appendix 5, Fig. 2]. In
contrast, lactate and pyruvate did not interfere with the substrate binding site of the PAT
carriers showing that only unsubstituted monocarboxylic acids are recognised. This is in
accordance with previous observations that amino acids with polar side chains are only
poorly recognised by PAT1 [Appendix 1 and 2] (Chen Z et al., 2003a). Using radiolabelled
acetate and propionate it was furthermore shown that expression of PAT1 and PAT2 in
oocytes increased SCFA uptake and that this influx is inhibited by amino acids [Appendix 5,
Fig. 3]. However, electrophysiology failed to demonstrate any associated transport currents
when SCFAs were applied but recordings of the intracellular pH established that SCFA
uptake is associated with proton influx under voltage clamp conditions. This strongly
suggests that SCFA influx occurs by proton symport most likely by transport of the SCFA
anion with a proton in a 1:1 flux coupling stoichiometry (Figure 14) as shown previously also
for proline [Appendix 1, Fig. 4].

The initial rates of intracellular acidification induced by the different SCFAs were dependent
on the PAT expression level. Higher expression of PAT1 (measured as the integrated
glycine-induced current) led to a faster initial acidification, whereas in control oocytes
acidification was unaffected. Initial rates of intracellular acidification by PAT1 caused by
either butyrate or glycine uptake were similar whereas in case of propionate, acidification
was 2-fold higher than with glycine. Similarly, acetate induced also 2-fold higher acidification
rates than glycine. This suggests that the maximal transport rates of PAT1 for propionate and
acetate uptake are higher than those for glycine. That PAT1 possesses different maximal
transport rates for its substrates was shown also for glycine and betaine which have almost
the same apparent substrate affinity, but betaine induces only 60% of the maximal currents
of glycine.

Acetate, propionate and butyrate displayed concentration-dependent inhibition of amino acid
influx. The apparent K; values (5.6 - 12.0 mM) for PAT1 are in the same range as the

apparent K, (1 - 15 mM) found for the amino acid substrates. In comparison, PAT2 displays
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affinities in the range of 100 - 700 uM for Gly, Ala, Pro, but displays much lower affinities for
butyrate (7.6 mM). This confirms the observation that PAT2 is more restrictive with regard to

the structural requirements in substrates for high affinity recognition than PAT1.

per substrate current
molecule
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Figure 14: A scheme for the transport of neutral amino acids and anionic monocarboxylic acids by PAT1
and PAT2. The substrate binding pockets of the PAT transporters can accommodate neutral amino acids as well
as the analogous negatively charged SCFAs. Amino acid substrates induce inward currents in PAT expressing
oocytes and lead to a strong intracellular acidification. Transport of the negatively charged SCFA substrate results
in an electroneutral transport mode by simultaneously acidification inside the cell.

PAT1 and PAT2 are two of the few known transporters for which transport of short-chain fatty
acids has been described on the molecular level. Up to date, only two additional transporter
proteins that mediate uptake of SCFAs have been characterised at the molecular level, the
monocarboxylate transporter MCT1 (SLC16A1) and the sodium-coupled monocarboxylate
transporter SMCT (SLC5A8).

MCT1 was shown to catalyse the proton-coupled transport of monocarboxylates such as
lactate, pyruvate and ketone bodies (Halestrap AP et al., 1999; Halestrap AP et al., 2004). In
addition, MCT1 also recognises acetate, propionate and butyrate as substrates, as shown
after expression of MCT1 in Xenopus laevis oocytes and after transfection into MDA-MB231
cells (Broer S et al., 1998; Tamai | et al., 1999). MCT1 is expressed in almost all tissues,
inter alia in caecum, colon and in kidney cortex (Halestrap AP et al., 1999; Halestrap AP et
al., 2004). However, it is still under discussion whether MCT1 localises to the apical or
basolateral surface in this epithelial tissues (Garcia CK et al., 1995; Lambert DW et al.,
2002).

SMCT mediates Na*-coupled SCFA transport after expression in X. laevis oocytes (Miyauchi
S et al., 2004). This transporter is abundantly expressed in the colon and was cloned from a
human intestinal RNA-pool. The substrate specificity of SMCT is similar to that of MCT1,

given that lactate, pyruvate, and the SCFAs acetate, butyrate, and propionate have been
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shown to be transported by SMCT. However, this transporter exhibits no sequence similarity
to MCT1 (Miyauchi S et al., 2004) and localisation of the SMCT1 protein has not been
determined yet (Miyauchi S et al., 2004).

Transmembrane transport of SCFAs is assumed to occur by a) non-ionic diffusion, b) SCFA/
anion-exchange and c¢) SCFA/proton symport mechanisms. The quantitative contribution and
importance of each process to the overall SCFA uptake is discussed controversially.
Permeation of a non-dissociated SCFA occurs rapidly by its neutral character followed by a
fast intracellular dissociation (Ruppin H et al., 1980; Charney AN et al., 1998). Hereby, the
driving force is the transmembrane concentration gradient of the protonated SCFA and the
transmembrane pH gradient. In particular in colonic tissues, various studies have assessed
the transport mode for SCFAs (that are produced in huge quantities by bacterial
fermentation) and it is believed that SCFA transport here occurs via a bicarbonate/SCFA
exchange mechanism (Mascolo N et al., 1991; Reynolds DA et al., 1993; von Engelhardt W
et al.,, 1994; Ritzhaupt A et al., 1998; Tyagi S et al., 2002). Besides anion exchange
processes, also a proton/SCFA symport mechanism was proposed. Studies in the intestinal
epithelial cell line Caco-2 (Stein J et al., 2000) and in isolated epithelial cells from rabbit
proximal colon (DeSoignie R et al., 1994) provided evidence for such a proton/SCFA
cotransport system.

In summary, it is demonstrated that the mammalian PAT proteins 1 and 2 are novel
bifunctional proton-coupled symporters that operate in an electrogenic mode with amino acid
substrates such as glycine, alanine, proline or GABA or in an electroneutral mode when the
substrates lack an amino group. The demonstration of PAT-mediated proton/SCFA symport

suggests a new function of these transporters in mammalian physiology.
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5. Caenorhabditis elegans homologues of the mammalian PAT transporters

Homology searching of the Caenorhabditis elegans genome sequence revealed the
presence of 6 genes encoding close homologues to the mammalian PAT family, each having
at least 48% similarity with the PAT1 transporter. A dendogram constructed from the
predicted protein sequences is shown in Figure 15A. Two of the six C. elegans homologues
(T27A1.5 and Y43F4B.7) are more closely related to the mammalian transporters than to the
other predicted C. elegans amino acid transporters. However, all six C. elegans homologues
possess a highly conserved region which is also found in the mammalian PAT proteins
(Figure 15B), and the closest relationship to mammalian proteins is found for the mammalian
PAT proteins. The high homology of T27A1.5 and Y43F4B.7 with the mammalian PATs
suggests that (at least) these two genes possibly encode for C. elegans proton/amino acid
transporters.

Using total RNA from mixed stage C. elegans and specific primers for the 6 different C.
elegans PAT-like genes, the full length cDNAs of T27A1.5, Y43F4B.7, and F59B2.2 were
amplified. The cDNAs were sequenced and were identical to the C. elegans data base
entries. After cloning of the DNA products into a cRNA expression vector (pCRIl, Invitrogen)
the cRNA was synthesised. However, injection of the respective cRNA into Xenopus laevis
oocytes resulted neither in electrogenic transport of any given amino acid nor in an enhanced
uptake of one of the mammalian PAT amino acid substrates (Gly, Ala, and Pro). Whether this
is due to a lack of expression of the respective transport protein abundantly enough or

improper targeting of the expressed protein to the oocyte membrane is not known.

Y38H6C.17
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Figure 15: Six C. elegans genes are closely related to the mammalian PAT family.

A: Dendogram of mammalian PAT proteins and C. elegans homologues. The dendogram was prepared by amino
acid sequence alignment and neighbour joining method using the ClustalX 1.8 program. B: Multiple sequence
alignment of a highly conserved region in the PAT proteins. Using the Block Maker program (Henikoff S et al.,
1995) 5 highly conserved regions were identified, the highest conserved region is shown. Single, fully conserved
residue (*), “strong” groups, fully conserved (:), and “weak’ groups, fully conserved (.) are indicated.
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6. Proposed physiological and pharmacological roles of the PAT transporters

Almost 20 years ago it was reported that selected amino acids in mammals may be absorbed
in a proton-dependent manner (Jorgensen KE et al., 1987), and several functional studies
have been conducted to characterise this process. The cloning of the corresponding gene
and the identification of a new family of proton/amino acid transporters in mammals
substantially advances our knowledge of these transporters in respect to kinetics, specificity,
ion coupling and tissue distribution. However, data on endogenous functional expression of
the PAT proteins are very limited and defined physiological roles of the PAT transporters can
not be predicted.

Prime substrates for the PAT carriers are the amino acids glycine, L-alanine and L-proline.
These compounds have been shown to be transported by the cloned transporters after
heterologous expression in different cell systems [Appendix 1] (Chen Z et al., 2003a, b;
Sagne C et al., 2001; Wreden CC et al., 2003).

Expression of the PAT1 protein in the apical membrane of Caco-2 cells was demonstrated by
Chen Z. et al. (2003a) and that PAT1 is in fact expressed in the luminal membrane of mouse

small intestine is demonstrated in Fig. 16.
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Figure 16: Immunofluorescence detection of PAT1 in murine small intestine and PAT1 expressing X.
laevis oocytes. A-D, for determination of PAT1 antibody specificity immunofluorescence studies were performed
using 8 um cross sections of X. laevis oocytes injected with mPAT1 cRNA (A) or X. laevis oocytes injected with
water (B) and incubated with anti-PAT1 antibody. C, and D are phase contrast micrographs of the A, and B,
respectively. Immunofluorescent detection of mPAT1 in mouse small intestine was performed using either the
anti-PAT1 antibody alone (E) or following pre-incubation of the antibody with antigenic peptide (F). The antibody
was raised against rat PAT1 specific residue 16 amino acids long at the intracellular N-terminus of PAT1. These
residues are fully conserved between mouse and rat. (The antibody was kindly provided by Bruno Giros, Paris).
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Very recently it has been demonstrated in the Thwaithes laboratory that the PAT1 protein is
localised in the brush border membrane also in the human intestine [Appendix 8, Fig. 4].
PAT1 as a low-affinity, high capacity transporter most likely plays an important role in both
nutrient and drug absorption from the intestinal lumen into enterocytes.

During protein digestion the intestinal lumen contains a huge spectrum of proteolytic
degradation products, including small peptides and free amino acids. These products have to
enter the enterocytes via specific transport proteins. PAT1 transports Gly, Ala and Pro with
high transport rates, but also B-amino acids (B-Ala), N-methylated amino acids (e.g. betaine)
and sulphur-containing derivatives (taurine, high abundant in meat, fish) are accepted as
substrates. Therefore, PAT1 is so far the only protein entity identified in the mammalian small
intestine transporting this combination of substrates. The system A transporter SNAT2
(SLC38A2), also expressed in the small intestine, mediates uptake of Gly, Ala, Pro, but it
excludes the other substrates mentioned (Mackenzie B et al., 2004). Different transport
proteins for the osmolytes betaine and taurine are known. However, the betaine and GABA
transporter BGT-1 (SLC6A12) is generally localised in the basolateral membrane for
example in renal epithelial cells and shows strong expression in brain (Chen NH et al., 2004).
The transporter TAUT (SLC6A6) which transports taurine with high affinity is also expressed
mainly in kidney and brain, but is not found in the small intestine (Chen NH et al., 2004).
Taken this into consideration it seems reasonable, to postulate that PAT1 is the transporter
responsible for the absorption of the osmolytes betaine and taurine within mammalian
intestine.

Only two amino acid transport systems within the mammalian small intestine have been
described functionally to transport the imino acid proline. The rat “imino acid carrier” and the
IMINO system detected in rabbit jejunal brush border membrane vesicles. The substrate
selectivity of the partially Na*-dependent rat “imino acid carrier” is very similar to that of
PAT1, as glycine, proline, sarcosine, methyl-aminoisobutyric acid, GABA, and B-alanine are
accepted as substrates (Newey H et al., 1964; Daniels VG et al., 1969; De la NJ et al.,
1971). Additionally, PAT1 function has been demonstrated to be partial Na*-dependent, due
to a functional cooperation with the Na*/H" exchanger NHE3 [Appendix 8, Fig. 1-3]. In
contrast, the rabbit IMINO acid carrier excludes a variety of PAT1 substrates, inter alia
glycine, GABA, taurine, and B-alanine and is strictly dependent on sodium (Wright EM et al.,
1984; Stevens BR et al.,, 1987; Munck LK et al., 1992). Therefore, PAT1 appears to
represent the human and mouse homologue of the “imino acid carrier’” described in rat,
whereas the IMINO acid carrier is clearly a different entity [Appendix 8, Fig. 5].

By using a different driving force (the pH gradient) as most of the other amino acid
cotransporters (mainly using the Na* gradient) PAT1 provides an additional route in overall

amino acid absorption. The existence of PAT1-mediated transport of MeAIB in a mammalian



Results and Discussion 53

tissue has been demonstrated for the first time only very recently using intact rat small
intestinal tissue preparations [Appendix 8, Fig. 6].

Other proton-dependent transporters involved in intestinal amino acid absorption are peptide
transporters. The high capacity di- and tripeptide transporter PEPT1, which is strongly
expressed in the apical membrane of the small intestine, is additionally responsible for
efficient uptake of amino acid nitrogen by transporting peptide-bound amino acids (Daniel H,
2004). The importance of this system in overall amino acid absorption is demonstrated by the
fact, that patients with genetic defects in intestinal transport proteins transporting essential
amino acids do not develop a deficiency when the essential amino acid is supplied in
peptide-bound form as shown for lysine in cystinuria patients (Hellier MD et al., 1971; de
Sanctis L et al., 2001).

PAT1 also seems to provide a route for oral absorption of therapeutic compounds. So far,
PAT1 is the only intestinal transporter that has been shown to transport the orally
administered compounds D-serine and D-cycloserine, and betaine (Table 4). D-serine and D-
cycloserine are used in the treatment of affective disorders as schizophrenia, ataxia and post
traumatic stress disorder, whereas betaine is used in the treatment of homocystinuria
(Smolin LA et al., 1981; Heresco-Levy U et al., 2002; Evins AE et al., 2002; Ogawa M et al.,
2003). Additionally, we demonstrated convincingly that the antiepileptic drug vigabatrin is a
good PAT1 substrate. Vigabatrin displays high affinity to human as well as murine PAT1
(unpublished observation). Also a couple of other GABA analogues and derivatives, which
are used to treat affective disorders, have been shown to be transported efficiently via PAT1
[Appendix 8, Fig. 5]. Moreover, in a very recent study, transport of various pharmacologically
active proline- and GABA-derivatives was investigated using the classical Caco-2 model
(Metzner L et al., 2004). The oral availability of all these compounds is quite high and PAT1
in the small intestine is the best candidate to be responsible for the efficient uptake of these
compounds.

The expression of PAT1 in the colon in combination with its ability to transport short-chain
fatty acids and D-amino acids suggests an additional physiological role. In the colon huge
quantities of SCFAs emerge from bacterial fermentation of non-digestible carbohydrates.
Concentrations of SCFAs between 70 mM and 120 mM have been reported and also
significant quantities of D-amino acids, especially D-serine and D-alanine are produced by
the colonic microflora (Bergman EN, 1990). It seems plausible to postulate that these
fermentation products are absorbed in the colon, at least in part, via PAT1. SCFAs are
important in maintaining the mucosal barrier in the colon, they are regarded as a major
energy source and have been shown to act in a beneficial, protective manner against colon
cancer. Portal blood of different species has concentrations of SCFAs in the range from 0.4
mM to 5.3 mM (Pomare EW et al., 1985; Bergman EN, 1990) and SCFAs delivered to the
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circulation serve as metabolic fuel of the liver and other peripheral tissues (Remesy C et al.,
1980; Bergman EN, 1990). D-serine, absorbed by PAT1 in the colon, may exert an influence
on glutamatergic neurotransmission in the brain by binding to the D-serine sensitive glycine
binding site of the NMDA receptor. D-Serine is present in the systemic circulation and has
access to the central nervous system, given that the heterodimeric amino acid transporter
LAT1, which has also the ability to transport D-serine, is expressed at the blood brain barrier
(Boado RJ et al., 1999). PAT1 is also strongly expressed in choroid plexus, but is not found
in the cerebral blood brain barrier (Agulhon C et al., 2003). Furthermore, NMDA-receptors
have been found to be functionally expressed in several non-neuronal tissues such as
pancreas, skin, fat and bone (Skerry TM et al., 2001).

With regard to NMDA receptors, a potential physiological role of PAT2 has also to be
addressed. Immunohistochemical and functional studies indicated that PAT2 in mouse brain
is expressed in neurons which are positive for the NMDA subtype glutamate receptor subunit
NR1 [Appendix 4, Fig. 3]. Within these neurons PAT2 localises mainly to the endoplasmatic
reticulum and recycling endosomes, and only a small amount of PAT2 is targeted to the
plasma membrane. Functional characterisation revealed that PAT2-type transport is
bidirectional, most likely not affected by pH alterations and translocates glycine with a
considerably low affinity (in comparison to other neuronal glycine transport systems), which
is able to bind at the NMDA glutamate receptor subunit NR1. Therefore, by regulating
extracellular glycine levels it is possible that PAT2 modulates the activity of the NMDA
glutamate receptor. A similar mechanism has been proposed for the glycine transporter
GlyT1 in nerve terminals (Lopez-Corcuera B et al., 2001). However, it needs to be mentioned
that a colocalisation between PAT2 and the NMDA glutamate receptor could not be shown
within the synapse. Based on mRNA level, PAT2 is expressed in a variety of tissues
[Appendix 2, Fig. 6], inter alia bone and fat tissue (Bermingham JRJ et al., 2004), but the cell
types that express PAT2 outside the CNS have not been determined. Expression of NMDA
glutamate receptors has been found in bone as well as in adipocytes and it seems to be that
glutamate/glycine signalling is important for metabolism in these tissues (Skerry TM et al.,
2001) and functions similarly to their neuronal counterparts (Gu Y et al., 2002).

Beside PAT2 also the PAT1 protein is expressed in the central nervous system (Sagne C et
al., 2001; Boll M et al., 2002; Wreden CC et al., 2003; Agulhon C et al., 2003). PAT1 has
been cloned from rat brain as a transporter mainly localised in the lysosomal membrane
(Sagne C et al., 2001), but localisation in synaptic vesicles and plasma membranes has been
demonstrated at least in neuronal cell cultures (Wreden CC et al., 2003). In the central
nervous system amino acids play roles as neurotransmitters, synaptic modulators and
precursors of neurotransmitters. Degradation of membrane proteins after endocytosis (for

termination of signalling by receptor internalisation, elimination of misfolded proteins) within
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lysosomes and subsequent release of the endproducts from lysosomes, maintain protein
turnover. Therefore, PAT1 driven by the acidic intralysosomal pH may serve to maintain low
concentrations of glycine, alanine and proline within the lumen of the lysosomes and thereby
save neuronal metabolic energy by providing these amino acids for protein biosynthesis or
for neurotransmitter storage and release. Defects in lysosomal release mechanisms have
been described to result in affected disorders, like cystinosis, which results from mutations in
a lysosomal cystine efflux transporter (Kalatzis V et al., 2001).

Another physiological important annotation is the distinct subcellular localisation of the PAT1
protein in different tissues/cell types. PAT1 is expressed in the brush border membrane of
human [Appendix 8, Fig. 4] and mouse (Fig. 16) small intestine and is exclusively expressed
in the apical membrane in Caco-2 cells (Chen Z. et al 2003a), whereas in the rat cortex and
hippocampus PAT1 is mainly detected in the membrane of lysosomes (Sagne C. et al.
2001). Simultaneously expression of PAT1 in both compartments, plasma membrane as well
as lysosomal membrane, has been shown in vitro in cultures of hippocampal neurons
(Wreden CC et al. 2003). The latter investigators found that endogenous PAT1 is functionally
expressed at the cell surface of hippocampal neurons and also localises to intracellular
compartments, like lysosomes and synaptic vesicles as shown with the colocalisation
markers LAMP1 (lysosomal membrane glycoprotein 1) and synaptophysin (Wreden CC et
al., 2003). Additional data on endogenous expression and subcellular localisation of the
PAT1 protein in other tissues than brain and small intestine are not yet available. Whether
the PAT1 protein is targeted to the apical membrane of epithelial cells or to intracellular
lysosomal membranes or to both compartments is obviously dependent on the tissue and/or
cell type where the protein is expressed. Splice variants leading to different protein
localisations in distinct cellular regions have been reported for many proteins. For example,
the DMT1+IRE (divalent metal transporter 1, iron responsive element) but not its isoform
DMT1-IRE (lacking the iron response element), is localised in the apical membrane of
enterocytes mediating the uptake of Fe** and other divalent cations (Garrick MD et al., 2003).
On the other hand DMT1-IRE is expressed in macrophages and sertoli cells in intracellular
membranes of phagosomes as well as of lysosomes, indicating an IRE-mediated targeting
mechanism in certain cell types. (Tabuchi M et al., 2002). In addition, differentially spliced
PAT1 transcripts resulting in proteins with distinct truncated C-termini have been described
recently (Bermingham JRJ et al., 2004). The functions of the truncated PAT1 proteins have
not been characterised. They may be non-functional proteins or may inhibit the function of
normal PAT1 by interaction with intracellular proteins required for targeting of PAT1 into a

specific compartment (Bermingham JRJ et al., 2004).
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Whether the truncated PAT proteins are functionally expressed in extraintestinal and
extraneuronal tissues, must be determined by combined immunohistochemical studies and
transport measurements with e.g. membrane preparations of the selected tissues.

PAT1 and PAT2 have been shown to be expressed in a variety of tissues on mRNA level,
but the physiological function of both transporters in these tissues is also not known.
However, both nutritional and pharmacological relevant roles of PAT1 can be anticipated in
renal tissues by its potential involvement in the reabsorption of amino acids and derivatives
from the primary filtrate. Proton-dependent amino acid transport activity has been shown in
the proximal tubule of rabbit kidney (Jessen H et al., 1988b). The characteristics of this
transport system is, based on substrate affinity and specificity very similar to the PAT1
system in small intestinal cells, but hitherto the PAT1 protein has not been localised in cells
of the renal tubular system. The proton/peptide transporters PEPT1 as well as PEPT2 are
also functionally expressed in the apical membrane of renal tubular cells, suggesting that
proton-dependent transport processes play an important role in kidney.

In analogy to the high affinity type peptide transporter PEPT2 a physiological function of the
PAT2 transporter may be postulated for lung tissues. The PEPT2 protein has been
demonstrated to be localised in the human lung, more precisely in the alveolar type Il
pneumocytes. PEPT2 is functional in these cells, as revealed by uptake studies with PEPT2
specific substrates (Groneberg DA et al., 2001; Groneberg DA et al., 2002; Groneberg DA et
al., 2004) Type Il pneumocytes are responsible for the secretion of surfactant proteins, which
serve to regulate alveolar surface tension. The surfactants are essential for lung function, but
an excess of these proteins would lead to obstruction of the airway epithelia. Therefore,
enzymes for surfactant degradation and uptake mechanisms for the degradation products
contribute to a normal lung function (Mager S et al., 2003). In the alveolar lumen high
concentrations of free amino acids have been reported and several transporters have been
identified in the luminal membrane of alveolar epithelial cells, which might be involved in
removing of protein degradation products (Mager S et al., 2003). PAT2 is expressed at high
levels in the murine lung and also the mRNA of the orphan transporter PAT4 is abundantly
found here (Introduction, figure 8) [Appendix 2, Fig. 6]. However, given that the cell types that
express PAT2 and/or PAT4 have not been determined and functional evidence for a proton-
activated transport system for small and neutral amino acids in alveolar epithelia is missing, it
is too early to propose a physiological role of PAT2 in airway epithelia.

Further immunolocalisation studies in combination with functional studies in specific cell lines
and/or membrane preparations of different tissues will eventually define the physiological
roles of the PATs. Similarly, animal models with a targeted inactivation of the genes
encoding the PAT proteins should reveal the physiological functions of the carriers in

metabolism.
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7. Potential pathological implications of PAT1 and PAT2

The observed substrate specificity of PAT1 and PAT2 as well as their chromosomal
localisation makes these transporters candidate genes for inherited diseases and the cause
of specific aminoacidurias.

PAT1 and/or PAT2 could play a role in the autosomal recessive disease iminoglycinuria
(OMIM 242600). This disorder is characterised by a selective urinary loss of the imino acids
proline and hydroxyproline as well as of glycine due to a defect in renal tubular reabsorption
(Rosenberg LE et al., 1968). However, iminoglycinuria features a genetic heterogeneity with
some patients showing only a hyperglycinuria after glycine loading (Scriver CR, 1989).
Similar transport defects in the intestinal absorption of these amino acids are also reported
(Scriver CR, 1989). Proline, hydroxyproline and glycine are high affinity substrates of the
PAT transporters and PAT1 and PAT2 have been shown to be strongly expressed in kidney
[Appendix 1, Fig. 6 and Appendix 2, Fig. 6]. Moreover, PAT1 has been shown to be
functionally expressed in the small intestine (also PAT2 is abundant in the small intestine but
with very low expression levels). This suggests that this protein is involved in iminoglycinuria.
However, alanine which is a high affinity PAT1 and PAT2 substrate is not elevated in the
urine of iminoglycinuric patients (Scriver CR, 1989). Admittedly, for alanine a variety of renal
amino acid transport systems (e.g. system b>*) are known to be involved in its tubular
reabsorption (Palacin M et al., 1998), which may compensate a defect in another specific
transport system. So far, no other transport system is known (at its functional as well as
molecular level) which substrates specificity fits better within the pattern of urinary amino acid
loss of iminoglycinuria, neither the Na*-dependent glycine transporters (GLYT1 and GLYT2,
which do not recognise proline as substrate) nor the Na*’-dependent IMINO system (which
does not accept glycine as a substrate) (Ganapathy V et al., 1983; Guastella J et al., 1992;
Liu QR et al., 1992). Further studies by means of PAT1 and PAT2 immunolocalisation in the
mammalian kidney and the genetic mapping are needed to investigate the role of both PAT
transporters in iminoglycinuria.

The localisation of the human PAT1 - 3 transporters on chromosome 5 within in the region
g31-g33 makes them candidates to be involved in the development of the symptoms
observed in the so called 5g-Syndrome. This myelodisplastic haematological disorder has
been mapped to the same region and is characterised by the loss of a part of chromosome 5,
with a minimum region containing 34 genes including the PAT1 - 3 genes. A consequence of
this deletion is a refractory macrocytic anaemia and the formation of megakaryocytes within
the bone marrow (Van den Berghe H et al., 1997). That the mRNA of PAT2 is expressed in
myelin protein zero positive (PO+) bone marrow cells has been shown by Bermingham JR et
al. (2004). The authors assume, based on the knowledge that maturation of megakaryocytes

requires NMDA glutamate receptor signalling, that a loss of PAT2 could lead to an altered
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glutaminergic signalling (due to the loss of transport of the NMDA glutamate receptor ligands
glycine) and thereby contribute to the aetiology of this myelodisplastic disease. However, the
59-Syndrome does not represent a single-gene disorder, it is rather a contiguous gene
syndrome resulting from defects in several genes. Of key importance in the development of
the 5g-Syndrome is most likely the involvement of Interleukin-5 gene (an eosinophil
differentiation factor), and the neighbouring genes as CDC25C (a mitosis inducer),
Interleukin-3 (a haematopoietic colony-stimulating factor), and CSF2 (necessary for the
survival, proliferation, and differentiation of haematopoietic progenitor cells) (Van den Berghe
H et al., 1997).

Malfunctions of the PAT1 system is clearly not the cause for the autosomal recessive
Hartnup disorder (OMIM 234500) in which transport of neutral amino acids is impaired. The
severe symptoms in Hartnup disease are mostly caused by the lack of intestinal uptake and
renal reabsorption of tryptophan (which is not a PAT1 substrate) (Levy HS, 1995). Beside
tryptophan also glutamine, valine, phenylalanine, leucine, asparagine, isoleucine, threonine,
histidine, serine and the PAT1 substrate alanine show reduced intestinal absorption and are
found in high concentrations in urine (Levy HS, 1995). However, also a partial contribution of
PAT1 can be excluded, as urine levels of proline, hydroxyproline, (in addition to methionine
and arginin) are unchanged in the Hartnup disorder (Levy HS, 1995). Only very recently it
has been demonstrated that Hartnup disease is caused by mutations in the gene of the
neutral amino acid transporter B(0)AT1 (SLC6A19) which is expressed in renal proximal
tubules and small intestinal epithelia (Seow HF et al., 2004; Kleta R et al., 2004).

It is also important to mention that PAT1 function may be affected in certain disease states.
This could be due to an altered function of the sodium/proton exchanger NHE3, which is
responsible for maintaining a constant intracellular pH and generates the pH gradient and
thereby perpetuates the driving force of PAT1. That proton-driven solute transport is impaired
by inhibition of NHE3, via a downregulation by proteinkinase A following an increase of
cAMP levels, has been demonstrated for the peptide transporter PEPT1 in Caco-2 cells
(Thwaites DT et al., 2002). An inhibition of NHES is also induced by the enteric neuropeptide
VIP (vasoactive intestinal peptide) and inhibition of PEPT1 transport by VIP has also been
demonstrated (Anderson CM et al., 2003). Several pathophysiological conditions are known
which increase plasma VIP levels, e.g. enterotoxin-induced diarrhoea and VIP-producing
tumours. Additionally, the cholera enterotoxin can directly increase intracellular cAMP levels
(Field M, 2003). Under these conditions PAT1 function may be indirectly impaired and result

in a decreased absorption nutrients and orally administered drugs transported by PAT1.
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8. Future perspectives

Identification of the PAT genes enabled us and others to predict preliminary the structure of
the proteins and to describe in detail the functional characteristics of the mammalian PAT
transporters. Future studies have to address the protein structure, targeting, regulation and
further physiological function of PAT1 and PAT2. Furthermore, the functions of the orphan

members PAT3 and PAT4 are still unknown.

In this thesis the minimal molecular requirements in PAT substrates are presented and
functional groups in substrates that may interact with residues in the transporter protein have
been defined. However, nothing is known about the protein structure and which amino acid
residues in the transporter are important for substrate and proton binding. Within the PAT
family two conserved histidyl-residues have been identified and predicted to reside in trans-
membrane segments. Do they contribute to proton binding? What determines the difference
in affinity and specificity between PAT1 and PAT2, although both transporters share such a
high similarity in protein sequence? Construction of several chimeric proteins consisting of
either PAT1 and PAT2 regions and generation of deletion mutants would be very helpful to
answer these questions. The predicted topology models have to be experimentally verified
and it has to be clarified whether the PATs are functionally inserted in the plasma membrane

as homo-monomeric or homo-oligomeric proteins.

For a better understanding of the physiological role of the transporters, it is important to know
in which organs the PAT proteins are functionally expressed and in which subcellular
compartment they are localised. Another interesting question is, which molecular
determinants lead to the divergent targeting of the PAT1 protein to the lysosomal membrane
and/or to the plasma membrane. There may be not yet identified regulatory subunits present

which control and direct the transporter to the distinct compartment.

It has been shown for several plasma membrane amino acid transporters that they are
regulated via several proteinkinases. PAT1 as well as PAT2 possess recognition sites for
proteinkinase C and A. The proteinkinase C recognition site is fully conserved in PAT1, as
this motif is found in the human, rat, and mouse sequence. Therefore, PAT1 might be
regulated in transport activity by hormones or metabolic changes via PKC signalling
pathway. For PAT2 it has been shown that the protein is localised in part in recycling
endosomes in neuronal cells, indicating that this transporter may undergo a recycling by

retrieval and fusion of plasma membrane vesicles containing the transporter.

The observation that the PATs are expressed in extra-epithelial tissues is of particular

interest and leads to the question of what physiological role the PAT1 and PAT2 proteins are
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playing in these organs. Are they implicated in the intracellular distribution of amino acids

and/or do they play a role in the intercellular and interorgan flux of amino acids?

Understanding the molecular functions of this interesting transporter family, which is wide-
spread in nature and is found in humans but also in plants, yeast and lower eukaryotes and
that mediates transmembrane transport of amino acids and amino acid derivatives could

provide new insights into the physiology of life.
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ZUSAMMENFASSUNG

Die Epithelzellen von Dinndarm und Niere besitzen die Fahigkeit, aus dem Lumen kleine,
neutrale Aminosauren und deren Derivate in einem protonengekoppelten Transportschritt
aufzunehmen (System PAT). In dieser Arbeit wird die molekulare Grundlage flir diese
Transportaktivitdt erstmals beschrieben und eine neu identifizierte Familie von Protonen-
Aminosaure-Transportern (PAT) in Saugetieren charakterisiert. Die PAT-Familie umfasst vier
Mitglieder (PAT1 - 4), die eine sehr hohe Ahnlichkeit hinsichtlich ihrer Aminosauresequenz
und putativen Membrantopologie aufweisen (11 Transmembrandomanen). Orthologe
Proteine dieser Familie wurden in Drosophila melanogaster und Caenorhabditis elegans
identifiziert. Die murinen Transporter zeigen auf MRNA-Ebene ein heterogenes Expressions-
muster. PAT1 wird unter anderem sehr stark in der Niere und im Dinndarm exprimiert. Das
PAT1-Protein konnte mittels eines spezifischen Antikérpers in der Blrstensaummembran
des Dunndarmes der Maus nachgewiesen werden. Auf funktioneller Ebene entsprechen die
Transportcharakteristika des heterolog exprimierten PAT1 dem aus transportphysiologischen
und biochemischen Studien bekannten System PAT. Die durch PAT1 vermittelte Aufnahme
von Gly, Ala, Pro, deren D-Isomere und einer Vielzahl von Aminosaurederivaten, wie Betain,
GABA und Taurin ist elektrogen und protonengekoppelt. Neben diesen physiologischen
Substraten konnten ebenso pharmakologisch und therapeutisch relevante Verbindungen als
Substrate von PAT1 identifiziert werden. Die Affinitdten der PAT1-Substrate liegen im
Bereich von 1 - 10 mM. PAT2 ist stark im zentralen Nervensystem, der Lunge und dem
Herzen exprimiert. PAT2 besitzt ahnliche Transporteigenschaften wie PAT1, weist aber 10 -
30mal héhere Affinitaten (100 - 1000 uM) zu den identischen Substraten auf als PAT1 und
hat ein engeres Substratspektrum. Den Transportern PAT3 und PAT4 konnte bisher noch
keine Funktion zugeordnet werden. Folgende strukturelle Eigenschaften von aliphatischen
Aminosauren konnten als essentielle Parameter fir den Transport von PAT1 und PAT2
determiniert werden: a) eine nicht-substituierte Carboxylgruppe, b) eine kurze Seitenkette
der Aminosaure und c¢) eine maximale Distanz von 3 bzw. 2 CH,-Gruppen zwischen Amino-
und Carboxylgruppe. Eine freie Aminogruppe ist nicht essentiell fir den PAT1 und PAT2
vermittelten Transport. Dies erklart auch, dass kurzkettige Fettsduren als Substrate
fungieren, die im Gegensatz zu den Aminosauren elektroneutral transportiert werden. Beide
Transporter binden ein Proton und ein Substrat in einem geordneten Mechanismus, bei dem
zuerst das Proton an den Transporter bindet. PAT1 und PAT2 weisen unterschiedliche
Protonenaktivierungskonstanten auf. PAT2 transportiert bei physiologischem pH unter H*-
Sattigung, PAT1 scheint dagegen durch eine funktionelle Kooperation mit dem Na'/H-
Austauscher NHE3 in seiner Aktivitat regulierbar. Diese neue Protonen-Aminosaure-

Transporter-Familie nimmt eine Ausnahmestellung in der Saugetierphysiologie ein.
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ABBREVIATIONS

AAAP amino acid/auxin permease family

APC amine-polyamine-choline transporter
superfamily

ASC neutral amino acid transporter family

ATF1 amino acid transporter superfamily 1

AVT-3 amino acid vacuolar transporter 3

BBMV brush border membrane vesicle

BCECF 2,7-bis-(carboxyethyl)-5-(and-6)-
carboxyfluorescein

BGT-1 Betaine/GABA Transporter 1

cAMP cyclo adenosine monophosphate

cDNA copy-deoxyribonucleic acid

DMT divalent metal ion transporter

DNA deoxyribonucleic acid

EST expressed sequence tag

GABA y-amino butyric acid

GAT GABA transporter,

GlyT high affinity type glycine transporter

GPC giant patch clamp

HUGO human genome project

IRE iron responsive element

LAMP1 lysosomal membrane glycoprotein 1

LAT heterodimeric amino acid transporter
light chain

LYAAT lysosomal amino acid transporter

MCT1 monocarboxylate transporter 1

MeAIB methyl-amino-isobutyric acid

MFS amino acid transporters within the
major facilitator superfamily

mRNA messenger ribonucleic acid

NAT2/AAP  A. thaliana neutral amino acid
transporter/amino acid permease

NHE3 sodium/proton exchanger 3

NMDA N-methyl-D-aspartate

NTS neurotransmitter superfamily

ORF open reading frame

PAT proton/amino acid transporter

PCR polymerase chain reaction

PEPT peptide transporter

PROT brain-specific high affinity type proline
transporter

RACE rapid amplification of cDNA ends

RNA
RT-PCR

RZPD

SCFA
SDS

SGLT1
SLC
SMCT

SNAT

TAUT

TEVC
TMD

ribonucleic acid

reverse transcription polymerase
chain reaction

Deutsches Ressourcenzentrum fuer
Genomforschung GmbH

short-chain fatty acid

sodium dicarboxylate symporter
superfamily

sodium/glucose transporter 1
solute carrier

sodium monocarboxylate
cotransporter

sodium-coupled neutral amino acid
transporter (formerly system N/A
transporter)

taurine transporter
two electrode voltage clamp

transmembrane domain

VGAT/VIAAT vesicular GABA transporter / vesicular

VIP

inhibitory amino acid transporter

vasoactive intestinal peptide
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We cloned two ¢cDNAs encoding proton/amino acid co-
transporters, designated as mPAT1 and mPAT2, from
murine tissues. They were identified by sequence simi-
larity to the amino acid/auxin permease family member
of lower eukaryotes. We functionally characterized both
transporters by flux studies and electrophysiology after
expression in Xenopus laevis oocytes. Both mPAT1 and
mPAT2 induced a pH-dependent electrogenic transport
activity for small amino acids (glycine, alanine, and pro-
line) that is altered by membrane potential. Direct evi-
dence for amino acid/H*-symport was shown by intra-
cellular acidification, and a flux coupling stoichiometry
for proline/H*-symport of 1:1 was determined for both
transporters. Besides small apolar L-amino acids, the
transporters also recognize their p-enantiomers and se-
lected amino acid derivatives such as y-aminobutyric
acid. The mPAT1 transporter, the murine orthologue
of the recently cloned rat LYAAT-1 transporter, can be
considered as a low affinity system when compared
with mPAT2. The mRNA of mPAT1 is highly expressed
in small intestine, colon, kidney, and brain; the
mPAT2-mRNA is mainly found in heart and lung. Phe-
notypically, the PAT1 transporter possesses the same
functional characteristics as the previously described
proton-dependent amino acid transport process in api-
cal membranes of intestinal and renal epithelial cells.

One of the largest families of amino acid transporters iden-
tified so far is the amino acid/auxin permease (AAAP)! family
(1, 2). This protein family is widespread in nature, with mem-
bers found in yeast, plants, invertebrates, and mammals. Al-
though their amino acid sequences appear very divergent, a
common signature has been identified, and secondary struc-
ture predictions show conserved similarities (2). Accordingly,
most members of the AAAP family possess 11 membrane-span-
ning domains with very similar hydropathy profiles. Function-
ally characterized members as AAP1 and AVT1 found in Sac-
charomyces cerevisiae and Arabidopsis thaliana operate as

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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MES, 4-morpholineethanesulfonic acid; contig, group of overlapping
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proton symporters for amino acids and selected derivatives
such as auxins (2—4). Three subfamilies within the AAAP fam-
ily that show low although significant similarities (20—-30%)
have been identified so far in mammalian organisms. They are
represented by the VGAT transporter group, the system A/N
transporter group, and the LYAAT branch (5).

The vesicular <y-aminobutyric acid (GABA) transporter
VGAT was the first identified mammalian member of the
AAAP family with an assigned function (6). It mediates the
uptake of the inhibitory neurotransmitters GABA and glycine
into synaptic vesicles (6, 7). The driving force of VGAT is the
electrochemical proton gradient generated by the vesicular H*-
ATPase (8). Cytoplasmic GABA and glycine can therefore be
accumulated within the vesicles via a proton antiport mecha-
nism (6). The system A/N transporter group also belong to the
AAAP family. System N plays an important role especially in
the homeostasis of glutamine in brain, where it serves as a
delivery system for the precursor of the excitatory amino acid
glutamate (9). The system N-mediated glutamine influx is cou-
pled to the cotransport of one Na™ ion in antiport with one H*
ion (9). Although system A transporters are highly homologous
to system N, they show a very different substrate specificity as
well as a different ion-substrate flux coupling ratio (10). Sys-
tem A transporters prefer alanine and most of the other neutral
amino acids and are considered to provide bulk quantities of
these amino acids in most cell types. System A carriers act as
Na*/amino acid symporters. Although transport by system A is
sensitive to low pH, no proton exchanger activity has been
shown in contrast to system N (11).

Recently, Sagne et al. (5) report the cloning of the first
mammalian proton/amino acid symporter from rat brain,
which is also a member of the AAAP family (5). This lysosomal
amino acid transporter, designated as LYAAT-1, when trans-
fected in CV-1 cells mediated the uptake of small amino acids
such as alanine and proline and the neurotransmitter GABA.
The observation of an enhanced transport activity by low ex-
tracellular pH suggested a proton-symport mechanism for
amino acid influx. The LYAAT-1 transcripts were identified in
glutamatergic and GABAergic neurons in rat brain. The
LYAAT-1 protein was localized in the lysosomal membrane in
these neurons, although when expressed heterologously, it me-
diated plasma membrane amino acid uptake (5).

The first members of the system A/N subfamily, the SN1
protein, and LYAAT-1 have been identified by data base search
for mammalian homologues of the VGAT transporter (5, 6, 9).
We searched for mammalian AAAP family members based on
the S. cerevisiae protein sequence YKL.L146wp, which had been
identified by genome-scanning analysis as a putative amino
acid transport protein. Recently it was shown that YKL146wp
indeed codes for a protein that represents a vesicular amino
acid transporter, designated as AVT3 (4). Here we report the
identification and characterization of two new members, the

This paper is available on line at http://www.jbc.org
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murine orthologue of rLYAAT-1, designated as mPAT1, and an
additional member of this subfamily, designated as mPAT2.
Both transporters, when expressed in Xenopus laevis oocytes,
show the functional characteristics of electrogenic H*/amino
acid symporters. The mPAT2 transporter displays the charac-
teristics of a high affinity system with a more restricted sub-
strate specificity than mPAT1.

EXPERIMENTAL PROCEDURES

¢DNA Cloning—The yeast protein sequence YKL.146wp belonging to
the AAAP family was blasted (thlastn method) against murine and
human EST sequences. Two closely related cDNA sequences were iden-
tified that were so far not linked to any functionally known cDNA. The
EST clone 1920302 (designated as mPAT2) from a murine 14 days-post-
coital embryonic cDNA library was purchased from the Resource Cen-
ter/Primary Data base of the German Human Genome Project
(IMAGp998B154710Q2, RZPD, Berlin, Germany). The original cDNA
in the pME18S-FL3 vector was cut with X0l and EcoRI and ligated in
pCRII (BD PharMingen) to allow ¢cRNA transcription using the T7
polymerase promoter. The major part of the open reading frame (ORF)
of the mPAT1-cDNA was available by the assembly of EST sequences.
The 5’-untranslated cDNA end including the start codon was identified
using the 5’-rapid amplification of ¢cDNA ends system (BD PharMin-
gen). The complete ORF of mPAT1 was amplified with a high fidelity
Taq polymerase (ELongase, Invitrogen) using the primers mPAT1-F-
140 (GTCAGACTCACTCCATAGTAC) and mPAT1-B1571 (AGACACA-
CAGGGTGAGGCTG) with small intestinal RNA (5 pg). The numbering
of the primers is according to their position in relation to the first base
of the start codon. Two independently amplified PCR products were
cloned in the pCRII vector, and both strands were sequenced using the
Thermo Sequenase Cy5 dye terminator kit with an automated DNA
sequencer (ALF Express, AP Biotech). The PCR products were sub-
cloned directionally in the pCRII vector in which an ~700-bp 3’ end
fragment of the rabbit PEPT2 (GenBank™ accession number U32507),
including the poly(A) tail, was introduced. This usually stabilizes the
synthesized cRNA for efficient expression in X. laevis oocytes. The
expression of mPAT1-cRNA with the additional 3’ end was more than
50-fold higher than that of the mPAT1-cRNA without the additional 3’
end (data not shown).

Sequence Analysis—For homology searches on DNA and protein levels,
the BLAST programs were used (www.ncbi.nlm.nih.gov/blast). Trans-
membrane regions of PAT proteins were predicted with DNASIS (Hitachi)
using the Kyte and Doolittle algorithm with a window size of 18 amino
acids. Multiple sequence alignments (neighbor joining method) were
performed with the CLUSTALW program (www.ebi.ac.uk/clustalw/).

X. laevis Oocytes Handling and cRNA Injection—Qocytes were
treated with collagenase A (Roche Diagnostics) for 1.5-2 h at room
temperature in Ca®*-free ORII solution (82.5 mm NaCl, 2 mm KCl, 1 mm
MgCl, and 10 mM HEPES (pH 7.5) to remove follicular cells. After
sorting, healthy oocytes of stage V and VI were kept at 18 °C in modified
Barth solution containing 88 mm NaCl, 1 mm KCI, 0.8 mm MgSO,, 0.4
mM CaCl,, 0.3 mm Ca(NO,),, 2.4 mm NaHCO,, and 10 mm HEPES (pH
7.5). The next day oocytes were injected with 27 nl of sterile water
(control) or 27 nl of mMPAT1- or mPAT2-cRNA solution at concentrations
between 0.2 and 1.5 ug/pl for initial functional tests. For detailed
functional characterization 10 ng of mPAT1 or 25 ng of mPAT2-cRNA
were injected into oocytes. The oocytes were kept in modified Barth
solution at 18 °C until further use (3-5 days after injection).

Amino Acid Uptake—10 oocytes (water or cRNA injected) per uptake
experiment were preincubated at room temperature for 2 min in Na™-
free standard uptake buffer (100 mm choline chloride, 2 mm KCI, 1 mm
MgCl,, 1 mm CaCl,, 10 mm MES (pH 6.5)). The buffer was then replaced
by the respective uptake buffer supplemented with 100 um amino acid
and the corresponding *H-labeled L-amino acid as a tracer (5 uCi/ml).
Uptake experiments were performed for 10 min because pilot experi-
ments showed linearity in amino acid uptake during this time period
(data not shown). The oocytes were washed 3 times with 3 ml of ice-cold
wash buffer (uptake buffer containing 20 mm glycine) and distributed to
individual vials. After oocyte lysis in 10% SDS, radioactivity was
counted by liquid scintillation. Uptake solutions for the determination
of pH-dependent uptake of L-proline were buffered with 10 mm MES/
KOH (pH 5.5-6.5), HEPES/KOH (pH 7.0-8.0), or TRIS/HCI (pH 8.5).

Two-electrode Voltage Clamp—Two-electrode voltage clamp experi-
ments were performed as described previously (12). Briefly, the oocyte
was placed in an open chamber and continuously superfused with
incubation buffer (100 mm choline chloride, 2 mm KCI, 1 mm MgCl,, 1
mM CaCl,, 10 mm MES, or HEPES at pH 5.5-8.5) in the absence or
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presence of amino acids. Oocytes were voltage-clamped at —60 mV, and
current-voltage (I-V) relations were measured using short (100 ms)
pulses separated by 200-ms pauses in the potential range —160 to +80
mV. I-V measurements were made immediately before and 20-30 s
after substrate application when current flow reached steady state. The
current evoked by mPAT1 or mPAT2 at a given membrane potential
was calculated as the difference between the currents measured in the
presence and the absence of substrate. In studies investigating the
cation or anion dependence of mPAT transport activity, 100 mm NaCl
was equimolar replaced by either choline chloride, sodium isethionate,
or potassium chloride.

H"/L-proline coupling stoichiometry was determined by direct com-
parison of net inward charge with [*H]proline accumulation in individ-
ual oocytes under voltage clamp as described (11). Oocytes were
clamped at V,, = —60 mV and superfused with standard Na*-free
medium (pH 6.5) plus 500 uM L-[*H]proline (ICN, 10 uCi/ml) for 5 min
before washing out with Na*-free medium. Oocytes were solubilized,
and the *H content was measured by liquid scintillation counting. The
proline-evoked current was integrated with time to obtain the proline-
dependent charge (Q"™) and converted to a molar equivalent using the
Faraday conversion.

Michaelis-Menten kinetics were constructed from experiments em-
ploying 5 different amino acid concentrations in Na*-free buffer at pH
6.5 with 6 individual mPAT1- or mPAT2-expressing oocytes from at
least two different oocyte batches for each substrate. Substrate-evoked
currents were transformed according to Eadie-Hofstee, and after linear
regression, the substrate concentrations that cause half-maximal trans-
port activity (apparent K,,) were derived.

Intracellular pH Recordings—Intracellular pH of oocytes injected
with mPAT1 or mPAT2-cRNA was measured using ion-selective micro-
electrodes filled with the proton ionophore I mixture B (Fluka). The
electrodes were calibrated using solutions with different pH values, and
only electrodes with a slope of >55 mV/pH unit and stable calibration
were used. On basis of the calibration curves for the pH-sensitive
electrode, the chemical potential for H" of oocytes was calculated as the
difference between the membrane potential, measured simultaneously
with a 3 M KCI microelectrode, and the electrochemical potential of the
pH-sensitive electrode.

RNA Isolation and Northern Blot Analyses—Total RNA from differ-
ent murine tissues were isolated with RNAwiz (Ambion) following the
supplier’s protocol. Poly(A)* RNA samples were purified with Dyna-
beads (Dynal Biotech). 2 ug of poly(A)* RNA and RNA standard (Pro-
mega) were separated by electrophoresis on a 1% agarose gel under
denatured conditions and subsequently transferred to a positively
charged membrane (Hybond N, AP Biotech). The blot was hybridized
with subtype-specific mPAT-cDNA, [a-3?P]dATP (ICN)-radiolabeled by
random priming (AP Biotech), for 1 h in Express Hyb solution (BD
PharMingen CLONTECH) at 68 °C after high stringency washing. For
detection of bound radioactivity, the blot was exposed on a Phospho-
Screen and detected with Cyclone phosphorimaging (Packard Bio-
Science). For a demonstration of RNA loading, the blot was hybridized
with a B-actin cDNA probe.

Transient Transfection of the mPAT2-EGFP-cDNA Construct in
HeLa Cells—The ORF of mPAT2 was amplified with the ELongase Taq
polymerase (Invitrogen) and the mPAT2-cDNA as template using the
primers mPAT2-F-EcoRI (TGAATTCATGTCTGTGACCAAGAGTGC)
and mPAT2-B-EcoRI (AGAATTCCTGAATAAACATGGTGGAGTTGG).
In both primer sequences an EcoRI restriction site was introduced to
allow the ligation of the PCR product into the EcoRI site of the
pEGFP-N2 vector (Invitrogen), which had the mPAT2 and the EGFP-
coding region in the same frame. Insertion of the mPAT2 ORF in the
right direction was checked by PCR. The mPAT2 ¢cDNA insert was
sequenced on both strands. For transfection, HeLa cells were grown on
six-well plates to a confluency of about 70%. 2 ug of the mPAT2-pEGFP
construct was transfected using the SuperFect transfection reagent
following the instructions of the manufacturer (Qiagen). Two days after
transfection the cells were examined with a confocal laser-scanning
microscope (Leica TCS) for the appearance of green fluorescence. Stain-
ing of acidic organelles with LysoTrackerRed was performed according
to the supplier’s protocol (Molecular Probes). The functionality of the
mPAT2-EGFP fusion protein was tested after injection of its cRNA into
X. laevis oocytes. Therefore, the mPAT2-EGFP-cDNA insert was cut
with Xhol and Munl and subcloned into the pCRII vector including the
rabbit PEPT2 3’ end, as also used for enhanced expression of mPAT1.
Uptake of radiolabeled glycine, alanine, and proline (100 uMm) into
oocytes expressing mPAT2-EGFP was significantly increased (p < 0.01,
Student’s paired ¢ test) when compared with the uptake in water-
injected control oocytes. Similar to wild type mPAT2, proline uptake in
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mPAT1  MSTQR-LRNEDYHDYSSTDV--SPEESPSEGLGSFSPGSYQRLGENSSMTWEQTLIHLLE 57
mMPATZ  MSVTKSARS PQVATPLNLDLPESAKKLQSQDPSPANGTSSESSKKTKGITGFQTLVHLVE 60
rLYAAT1 MSTQR-LRNEDYHDYSSTDV--SPEESPSEGLGSFSPGSYQRLGENSSMTWEQTLIHLLE 57
Wh a % s e mnire ¥ ¥ s sk dd s kR ek
1 2
MPAT1  GNIGTGLLGLPLRMKNAGLLLGPLSLLVIGIVAVHCMGILVKCAHHLCRRLNKFFLDYGD 11"
mEATZ GNMGTGILGLPLAVENAGI LMGPLSLLVMGLIACHCMHILVRCAQRFCHRLNEPFMDYGD 120
rLYARAT1 GNIGTGLLGLPLAVKNAGLLLGPLSLLVIGIVAVHCMGILVKCAHHLCRRLNKPFLDYGD 11
-w-\-:*-r«-:w-rw\l--w :\l--w-\-\l-:-r:w-w-r*\l--w-\-:\\-::w ek 1—-1-\\-:1--1-:::\l’:-r*\l’wf-k:-ws\-\l’w
3 R
mPAT1  TVMYGLECSPSTWVRNHSHWGRRIVDFFLIVTQLGFCCVYFVFLADNFKQVIEAANGTTT 177
MPAT2  TVMHGLAFSPNAWLONHAHWGRRVVSFFLIVTQLGFCCVYIVFLADNLKQVVEAVNSTTI 180
Fic. 1. Multiple sequence align- rLYAAT1 TVMYGLECSPSTWIRNHSHWGRRIVDFFLVVTQLGFCCVYEVFLADNFKQVIEAANGTTT 177
mentofthemurinePATtransporters FEE g EE T R L
and the rLYAAT-1 protein. The align- 4 4 5
ment was performed with the CLUST- mMPAT]1  NCNNNVTVIPTPTMDSRLYMLSFLPFLVLLSFIRNLRVLSIFSLLANISMFVSLIMIYQF 237
ALW program package. The putative mPAT2  SCHENETVALTPTMDSRLYMLSFLPVLGLLVFVRENLRVLTIFSLLANISMLVSLVIIAQY 240
transmembrane domains are shown rLYAAT] NCNNNETVILTPTMDSRLYMLTFLPFLVLLSFIRNLRILSIFSLLANISMFVSLIMIYQF 237
above the SequenCeS by lines. Identi(}al Lk ok W*-\-***s—**-r*:*-r*Aw * ok *:*v*w:-r:w-w***w*w*-r:w*f: =k *:
and conserved amino acid positions are = L] P
indicated by specific symbols below the mPAT1  IVQRIPDPSHLPLVAPWKTYPLFFGTAIFAFEGIGVVLPLENKMKDSQKFPLILYLGMAT 297
alignment. Astrioks, sential rsidue B SEE e e e
. . . . r JRI 5 VEER GTAIF SIGVVL MEDSOF Gl ]
COlOI.lS, conserved SubStlt.utlons’ perwds, *ok dhkhk j: dhkhkh khkddkhkhkhkh bk hkokhk drkhkhdrhkhd ek *wjx *k kE *:+ *
semi-conserved substitutions. Conserved 7 8
putative N-glycosylation sites are indi- mPAT1  ITVLYISLGSLGYLQFGANIKGSITLNLPNCWLYQSVKLLYSIGIFFTYALQFYVAREIT 357
cated by dots above the lines. mPAT2  ITTLYIAIGALGYLRFGDDIKASITLNLPNCWLYQSVKLLYVVGILCTYALQFYVPAEII 360
rLYAAT] ITVLYISLGSLGYLOFGADIKGSITLNLPNCWLYQSVKLLYSIGIFFTYALOQFYVAREII 357
**_*x*::x:**x*:** :x*_*xi**z**x***xi**xi* :**: **xi**zi_xi**
9 10
mPAT1  IPAIVSRVPEHFELMVDLCVRTAMVCVTCVLAILIPRLDLVISLVGSVSSSALALIIFPL 417
MPATZ  IPLAVSQVSKRWALPVDLSIRLALVCLTCMLAILIPRLDLVLSLVGSVSSSALALII 420
rLYAAT1 IPAIVSRVPERFELVVDLSARTAMVCVTCVLAVLIPRLDLVISLVGSVSSSALALITPRL 417
* xk:*_::: * *k&_ * Q:Avdv:k&:*k:*x*i*x&i:kiix*i*x*i*k*i*&i*
A 11 .
mPAT1  LEVVTYYGEGISPLTVTKDALISILGEVGEVVGTYESLCELIQPSHSDSSTNSTSAFI- 475
mPATZ  LEVVTYYGEGISPLTVTKDALISILGFMGEVVGTYQALDELIKSGNSPALSNST-MFIQ 478

rLYBAT] LEVTTYYGEGISPLTITKDALISILGFVGEVVGTYESLWELIQPSHSDSSTHNSTSAFI- 475
*

dhkh EkhkEkkhkhkkh ok kb rhkhh b bk ko hkkhkhdh . sk khE . .

mPAT2-EGFP-expressing oocytes showed the highest stimulation with
an increase from 6.5 = 0.7 pmol-oocyte '-10 min ! in controls to 25.9 *
1.8 pmol-oocyte ! - 10 min~! (n = 8 oocytes each). In contrast, tyrosine
influx was not affected. Moreover, under voltage clamp conditions (at
—60 mV) glycine, alanine, and proline but not tyrosine also induced
positive inward currents in oocytes expressing mPAT2-EGFP (data not
shown).

RESULTS

Using an in silico cloning strategy, we identified two closely
related cDNA sequences from mice based on the yeast protein
sequence YKL146wp, designated as mPAT1- and
mPAT2-cDNA. The mPAT2-cDNA is represented by an EST
clone from a murine 14 days post-coital embryonic cDNA li-
brary (IMAGE Clone 1.D. 1920302). The complete ORF of
mPAT1 has been amplified by reverse transcriptase-PCR using
cDNA-specific primers flanking the mPAT1-ORF with RNA
purified from murine small intestine. The deduced proteins
possess 475 (mPAT1) and 478 (mPAT2) residues (Fig. 1). The
mPAT1 and mPAT2 proteins show an identity of 69% and a
similarity of 80%. Hydropathy analyses predict both mPAT
proteins to have 11 membrane-spanning domains (Fig. 1).
Within the putative transmembrane domains the amino acid
sequences show highest homology, whereas the N terminus,
most likely the cytosolic part, is divergent. Three conserved
putative N-glycosylation sites were found at the proposed lu-
minal/extracellular site of the mPAT proteins when assuming
that the N terminus is directed to the cytosol. The only known
mammalian protein that is closely related to the mPAT pro-
teins is the recently identified rat LYAAT-1 (5). LYAAT-1 is the
rat orthologue of the mPAT1 protein with a similarity of 97%.
The mPAT proteins and rLYAAT-1 belong to the large eukary-
otic AAAP family (2). In mammals, functionally identified
AAAP family members are the vesicular GABA transporter
VGAT and the system A/N transporters. The mPAT proteins
build a new subfamily beside the VGAT and system A/N sub-

s kkE * %

family. Analysis of the first version of the human genome
sequences and human EST sequences shows that the 2 human
orthologue genes are located on chromosome 5q31-33 within a
region less than 150 kb on the contig NT_006951.7. The pre-
dicted human orthologue proteins share a similarity of 91%
(hPAT1) and 88% (hPAT2) to the corresponding murine trans-
porter proteins.

Transport Properties of mPATI1 and mPAT2—To determine
whether the mPAT proteins indeed function as rheogenic
amino acid transporters, we applied the two-electrode voltage
clamp technique and employed flux studies with radiolabeled
amino acids in X. laevis oocytes expressing mPAT1 or mPAT2.
Fig. 2A shows the uptake of selected amino acids provided in
the medium in concentrations of 100 um. The uptake rates of
glycine, alanine and proline were highly elevated in mPAT1-
and mPAT2-expressing oocytes, whereas tyrosine uptake was
not significantly enhanced when compared with uptake in wa-
ter-injected control oocytes. Under voltage clamp conditions
(membrane potential —60 mV) glycine, alanine, and proline
induced positive inward currents (Fig. 2, B and C). The sub-
strate-evoked currents of the three amino acids were almost
equal in mPAT1-cRNA-injected oocytes, whereas mPAT2 pro-
duced the highest inward currents with glycine followed by
alanine and proline (about 70 and 40% of glycine currents,
respectively). As given by the current voltage relationship in
Fig. 2D, glycine (20 mMm) evoked currents increased with hyper-
polarization of the membrane, suggesting that the membrane
voltage is a driving force. This voltage dependence of substrate
currents was more pronounced in mPAT1- than in mPAT2-
expressing oocytes. Currents generated by mPAT1-expressing
oocytes increased 4-fold by shifting the membrane potential
from 0 to —120 mV, whereas in mPAT2-expressing oocytes
currents increased only about 60%.

To analyze in detail the underlying mechanisms that caused
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Fic. 2. Basic functional characteristics of the mPAT1 and mPAT2 transporters expressed in X. laevis oocytes. A, oocytes (n = 10)
were incubated in Na*-free uptake buffer at pH 6.5 for 10 min with 100 um *H-labeled amino acids as indicated. The uptake rates of Gly, Ala, and
Pro were elevated in mPAT1 (black bars)- and mPAT2 (gray bars)-expressing oocytes, whereas tyrosine uptake was not significantly different when
compared with uptake in control oocytes (white bars). Applications of Gly, Ala, and Pro (20 mM) induced positive inward currents in mPAT1 (B)-
and mPAT2 (C)-expressing oocytes at a holding potential of —60 mV under Na*-free conditions at a pH of 6.5. The upper trace in B represents the
current recordings in water-injected control oocytes. D, the glycine-evoked currents in mPAT1- and mPAT2-cRNA-injected oocytes are dependent
on the membrane potential. Hyperpolarization of the membrane increased glycine-evoked currents more potently in mPAT1 than in mPAT2

expressing oocytes (n = 3).

the transport currents of mPAT1 and mPAT2, we first studied
the effect of different cations and anions on the glycine-evoked
currents. Replacement of Na™ by choline or K* and Cl~ by
isethionate had no significant effect on normalized mPAT1 and
mPAT?2 transport activity (Fig. 34). On the other hand, lower-
ing the extracellular pH led to a pronounced increase in
mPAT1 and mPAT2 mediated L-proline influx (Fig. 3B). The
mPAT1 transport activity was much more strongly influenced
by changes of the extracellular pH than that of mPAT2. The
uptake rate of 100 um L-Pro at pH 5.5 was 6-fold higher than
that at pH 7.5 in mPAT1-expressing oocytes, whereas its stim-
ulation in mPAT2-expressing oocytes was only increased by
45%. Direct evidence for a proton/amino acid symport mecha-
nism was obtained by measuring intracellular pH changes by a
hydrogen ion-selective electrode simultaneously with changes
in membrane potential when perfusing oocytes in the absence
or presence of 20 mm glycine or proline. As shown in Fig. 3C,
the addition of glycine and proline to the perfusate led to an
intracellular acidification as well as to a depolarization of oo-
cytes expressing mPAT1. These effects were completely re-
versed by washing out the amino acids. The same effect was
observed for glycine in mPAT2-expressing oocytes, whereas
leucine, which is no substrate of the transporters, failed to
induce an acidification and membrane depolarization. Water-
injected control oocytes did not respond to the addition of any
applied amino acid (data not shown).

The H"/L-proline-coupling stoichiometry was directly deter-
mined by comparing the L-proline-dependent charge (QF™)
with the concomitant accumulation rate of L-[*H]proline in
individual oocytes voltage-clamped at —60 mV (Fig. 4A). QF™
correlated with the *H accumulation in a linear fashion with a
slope of 0.97 (mPAT1) and 1.28 (mPAT2). The H"/L-proline-
coupling coefficients (n) were 1.22 = 0.04 (mPAT1) and 1.28 =
0.08, and the mean QF* values were not significantly different
from the ®H accumulation rates in a paired ¢ test (Fig. 4B). This
convincingly shows that the H* -coupled L-proline transport via

mPAT1 and mPAT2 occurs with 1:1 stoichiometry.

Both transporters are very restrictive regarding substrate
recognition. We tested all 20 proteinogenic L-amino acids for
their ability to induce positive inward currents in mPAT1- and
mPAT2-expressing oocytes at concentrations of 20 mm. Only
amino acids with short side chains such as glycine, alanine,
proline, and to a much smaller extent serine were able to
interact with the transporters substrate binding sites (Fig. 5, A
and B). No other proteinogenic amino acid was able to induce
inward current significantly above background oocyte activity.
On the other hand, the transporters are not very enantioselec-
tive, as shown by the inward currents induced by p-alanine,
D-proline, and D-serine in Fig. 5, C and D. In oocytes expressing
mPAT1 p-alanine- and D-proline-evoked currents were almost
as high as those of glycine, whereas in the case of mPAT2, all
D-enantiomers induced less than 30% of the glycine currents. In
addition, B-alanine and the neurotransmitter GABA induced
positive inward currents more potently in mPAT1- than in
mPAT2-expressing oocytes (Fig. 5, C and D).

Dose-response experiments for currents in voltage-clamped
oocytes injected with mPAT1- or mPAT2-cRNA were performed
for selected amino acids and derivatives. Net substrate-evoked
currents at five different concentrations were calculated, and
after Eadie-Hofstee transformation and linear regression anal-
ysis, the apparent affinities (K, values) were determined. Ta-
ble I summarizes the obtained apparent K,, values. The pro-
teinogenic amino acid with the highest affinity was L-Pro, with
apparent K,, values of 2.8 mm (mPAT1) and 0.12 mm (mPAT?2).
In general, mPAT2 was found to have a more than 10-fold
higher affinity for all three L-a-amino acids when compared
with the affinities of mPAT1. The very low affinity of L-serine of
>40 mM for both transporters shows the very strict specificity,
as the introduction of the polar hydroxy group almost abolishes
affinity. p-Alanine has almost the same affinity for both trans-
porters (K, values of 6.3 and 6.5 mM for mPAT1 and mPAT2,
respectively), again demonstrating that mPAT2 is more enan-
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Fic. 3. Ion dependence of mPAT1- and mPAT2-mediated transport activity. A, the equimolar replacement of 100 mm NaCl by choline
chloride, Na™ isethionate, or KCI had no significant effect on glycine-evoked currents under voltage clamp conditions (—60 mV, 20 mum Gly, pH 6.5,
n = 6 oocytes). Currents are normalized to the glycine-evoked currents in NaCl-containing medium. B, oocytes (n = 10) were incubated in Na*-free
uptake buffer for 10 min with 100 um L-[*H]proline at different medium pH values (pH 5.5-8.5). At pH 8.5 there was hardly any stimulation of
proline uptake in cRNA-injected oocytes, whereas the uptake at pH 5.5 was stimulated 26-fold (mPAT1) and 11-fold (mPAT2) when compared with
the uptake of water-injected oocytes. Intracellular pH changes in mPAT1 (C)- and mPAT2 (D)-expressing oocytes were recorded with an hydrogen
ion-selective electrode (upper traces) simultaneously with the changes in membrane potential (lower ¢races). The time periods when oocytes were
perfused with Na*-containing buffer at pH 7.4 (white boxes) and pH 6.5 (checkered boxes) and when 20 mM of the amino acid was present (black
lines) are indicated. In mPAT1-expressing oocytes, the addition of 20 mm Gly and L-Pro led to a membrane depolarization and a concomitant
intracellular acidification. The same effect of Gly but not of L-Leu was observed in mPAT2-expressing oocytes.
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Fi6. 4. H* L-proline-coupling coefficient determined by L-[*H]proline uptake under voltage clamp conditions. Oocytes were clamped
at —60 mV, and 500 uM L-[*H]proline was applied for 5 min at a medium pH of 6.5. A, the proline-dependent charge (Q"*°) was compared with the
concomitant tracer accumulation rate in the same oocytes expressing mPAT1 (squares) or mPAT2 (¢riangles). Tracer uptake in control oocytes
(42.2 + 3.8 pmol-5 min %, n = 5 oocytes) was first subtracted. The ratio of Q*™°:*H was 1.22 + 0.04 for mPAT1 and 1.28 + 0.08 for mPAT2 (mean +
S.E., n = 6 oocytes), and there was no significant difference between Q"™ (open bars) and *H (filled bars) accumulation (B) according to Student’s
paired ¢ test.

tioselective than mPAT1. In addition, GABA is a very good
substrate of mPAT1 (K,, = 3.1 mm) but a poor substrate of
mPAT2 (K,, = 30.9 mMm). In summary, mPAT2 therefore repre-
sents a high affinity-type PAT transporter and is more restric-
tive in substrate recognition when compared with the low af-
finity type mPAT1.

Tissue Distribution of the mPAT Subtypes—Northern blot
analyses revealed that the mPAT mRNAs are differentially

expressed in murine tissues (Fig. 64). The 5.0-kb mPAT1 tran-
script could be detected at higher levels in small intestine,
kidney, brain, and colon. After longer exposure times, faint
bands were also visible in all other tissues tested, excluding
testis (data not shown). The mPAT2 mRNA (2.5 kb) was most
abundantly expressed in lung and heart. Weaker signals could
also be detected in kidney, testis, muscle, and spleen.
Subcellular Localization of an mPAT2-EGFP Fusion Protein
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Fic. 5. Substrate specificity of the mPAT1 and the mPAT2 transporter. Oocytes expressing mPAT1 (A) or mPAT2 (B) were held at a
membrane potential of —60 mV and perfused with Na*-free buffer at pH 6.5 in the absence or presence of 20 mM indicated amino acid (one-letter
code). The amino acid-evoked currents are displayed relative to glycine-induced currents (I, = 1856 = 171 and 623 + 40 nA for mPAT1 and
mPAT2, respectively) as the mean =S.E. (n = 6 oocytes). Amino acid-evoked currents in water-injected oocytes were, when detectable, subtracted.
The lower panel shows representative current traces obtained in oocytes expressing mPAT1 (C) and mPAT2 (D) when perfused with selected
D-amino acids, B-alanine, and GABA at concentrations of 20 mM in Na'-free buffer at pH 6.5. The time period when the compound was present
in the perfusate is marked by the black lines.

TABLE I
Apparent affinities of selected amino acids and derivatives of proton/amino acid cotransporters
Substrate-dependent transport kinetics of mPAT1 and mPAT2 were determined by two-electrode voltage clamp for the substrates indicated (5
concentrations) in Na™-free uptake solution (pH 6.5). Substrate-evoked currents were transformed according to Eadie-Hofstee, and K|, values were
calculated by linear regression analysis. Data represent the mean + S.E. of six oocytes. For comparison, K,, values taken from the literature (in
parentheses) on PAT-like transport activity, as found in the apical membranes of Caco-2 cells and in renal brush border membrane vesicles (BBMV)

from pars convoluta, are shown. ND, not determined.

K, value In vitro Km value
Substrate
mPAT1 mPAT2 Caco-2 Renal BBMV
mm mm
Glycine 7.0 0.7 0.59 = 0.04 5.3+0.4(13) 3.9017)
L-Alanine 75 *0.6 0.26 = 0.05 5.7+ 0.7 (14) 4.4 (18)
L-Proline 28*0.1 0.12 = 0.02 9.2 +0.9(15) 4.5(19)
L-Serine 69 =5 43 + 4 ND ND
D-Alanine 6.3 + 0.7 6.5+ 1.1 ND 7.86 * 0.38 (20)
GABA 3.1+0.2 30.9 = 0.1 1.95 = 0.78 (16) ND
DISCUSSION

in Transfected HeLa Cells—Although functional expression in
oocytes suggested the transporters to be integral plasma mem-
brane proteins, we used the EGFP-tagging approach to study
the cellular localization of mPAT2. The mPAT2 protein, when
tagged C-terminally with the EGFP protein was obviously
translocated to the plasma membrane of HeLa cells (Fig. 6B).
Substantial fluorescence was also found in the perinuclear
compartment, most likely represented by the endoplasmic re-
ticulum and the Golgi apparatus. However, currently we do not
have any direct experimental evidence for this assumption.
Because the rat orthologue of mPAT1, the rLYAAT-1 protein,
has been colocalized in rat brain to lysosomes in neurons (5), we
performed costaining experiments of the mPAT2-EGFP fusion
protein in transfected HeLa cells with the LysoTrackerRed dye,
which accumulates in acidic compartments, mainly lysosomes.
When fluorescence of both dyes was merged, no significant
colocalization was observed, suggesting that mPAT2 is not an
integral protein of lysosomal membranes, at least not when
overexpressed in HeLa cells (Fig. 6B).

We identified by homology screening in expressed sequence
tag databases two closely related murine transporter proteins,
designated as mPAT1 and mPAT2, which belong to the eukary-
otic AAAP family (2). The two deduced proteins could be func-
tionally characterized as rheogenic proton/amino acid symport-
ers with a specificity for amino acids with small side chains.
Together with the rat LYAAT-1 transporter (the orthologue of
PAT1), the mPAT proteins build a new subfamily next to the
VGAT and system A/N transporter subfamilies within the phy-
logenetic tree of the AAAP family. Similar to mPAT1/
rLYAAT-1 (5), a human orthologue of mPAT2 can be identified
in the first version of the human genome. That the PAT2 gene
is indeed expressed in human tissues in vivo is demonstrated
by the presence of cDNA sequence fragments in the public EST
data base (e.g. GenBank™ accession numbers BE501426 and
BF511146).

Both mPAT transporters display similar functional proper-
ties when expressed in X. laevis oocytes. We show that the PAT
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Fic. 6. Tissue distribution of the mPAT mRNA subtypes and subcellular localization of the mPAT2-EGFP fusion protein. A, the
Northern blot was performed on murine Poly(A)+ RNA isolated from different tissues using mPAT subtype-specific cDNA probes. As a control for
the RNA integrity, the blot was also probed for B-actin. B, after transfection of a mPAT2-EGFP construct in HeLa cells, most of the green
fluorescence appeared in the perinuclear region (asterisks) but also partly in the plasma membrane (arrows, upper left). Cells were stained with
the LysoTrackerRed dye, which accumulates in acidic organelles, mainly lysosomes (upper right). In the superimposed image hardly any
colocalization is observed (lower image). Scale bars are shown in the upper images.

carriers increase specifically the influx of small amino acids
and demonstrate for the first time the electrogenic nature of
the transport mechanism. Because all substrate amino acids
are zwitterionic in the pH range studied, net charge movement
across the plasma membrane is due to H" influx stoichiomet-
rically coupled to amino acid import. This was directly proven
by a substrate-specific intracellular acidification induced by
mPAT transport activity. No evidence was found for interac-
tions of other tested cations or anion (Na*, K*, C17), suggesting
that protons are the only ionic species cotransported with
amino acids by mPAT1 and mPAT2. Transport activity of
mPAT1 was highly dependent on membrane voltage and on
extracellular pH in contrast to mPAT2, found to be only slightly
influenced by both factors. This suggests that activity of
mPAT1, but less so mPAT2, could be regulated by changes in
membrane potential and pH within the physiological range.
Whether these factors influence only the transport velocity or
also substrate or H* affinities has to be determined.

Both transporters display a narrow substrate specificity,
preferentially accepting amino acids with small apolar side
chains, such as glycine, alanine, and proline, whereas L-Ser is
only poorly recognized. The mPAT2 protein has much higher
affinities to the amino acids than mPAT1, with affinities 12—
29-fold higher for Gly, L-Ala, and L-Pro under the same exper-
imental conditions. The introduction of a hydroxy group (L-Ser)
in the side chain dramatically diminishes the substrate affinity
for both transporters (10- and >70-fold) in comparison to the
K,, observed for L-Ala. Moreover, the introduction of a sulthy-
dryl group as in L-Cys abolishes substrate binding completely.
The mPAT2 transporter shows a more restrictive substrate
recognition pattern and a more pronounced enantioselectivity
with only small neutral L-a-amino acids serving as high affinity
substrates, whereas GABA and B-alanine are only poorly trans-
ported. Besides these functional differences, the mRNA tran-
scripts of the transporters also show differential expression
patterns in murine tissues. The mPAT1 mRNA has been de-
tected in most of the examined tissues, with abundant expres-
sion in small intestine, colon, kidney, and brain, whereas high-
est signal levels of the mPAT2 mRNA were obtained in heart
and lung. The physiological significance of the differential dis-
tribution of proton-dependent small amino acid transporters
with different functional properties in the organism has to be
investigated.

The only functionally known and characterized mammalian

homologue of the new murine PAT transporters is the lysoso-
mal amino acid transporter (rLYAAT-1) from Rattus norvegi-
cus. It most likely represents the first lysosomal proton/amino
acid symporter found in mammals (5). rLYAAT-1, which has
been functionally characterized after transient transfection in
the fibroblast cell line CV-1, displays a very similar substrate
specificity and shows similar kinetics as mPAT1, which repre-
sents the murine orthologue. Only two minor differences were
obtained regarding functional properties. First, L-serine did not
inhibit GABA uptake into rLYAAT-1-transfected CV-1 cells at
a concentration of 0.5 mm (5), whereas in our experiments 20
mM L-serine induced significant inward currents in mPAT1-
expressing oocytes. The most simple explanation might be the
very low affinity of this amino acid to mPAT1, with an apparent
K,, value of 69 mm, which may prevent inhibition. Second, the
GABA affinity for rLYAAT-1 has been determined with a K,,
value of 0.5 mm (5), whereas GABA displayed a K,,, of 3.1 mM in
the case of mPAT1. This difference, however, may be explained
by the different experimental conditions such as pH (5.5 versus
6.5) and membrane potential (open circuit versus voltage-
clamped) or species differences (rat versus mouse).

Regarding the physiological importance of the PAT carriers
in mammals, it may be considered that the two proteins de-
scribed here are as well lysosomal transporters responsible for
the export of small amino acids from the lysosomal lumen into
the cytoplasm. However, as already stated by Sagne et al. (5),
no direct functional evidence for such systems has been found
in lysosomal preparations. Moreover, the functionally charac-
terized lysosomal small amino acid transport systems f and p
have significantly different substrate specificities and affinities
and appear not to act as proton symporters (21). On the other
hand, in comparing our functional data with amino acid influx
studies in cell lines and membrane vesicle preparations, we
found a striking similarity between mPAT1 and the proton-de-
pendent amino acid transport systems previously identified in
the apical membrane of the intestinal Caco-2 cells (13-16) and
renal brush border membrane vesicle preparations (17-20).
These transport systems in apical membranes of intestinal and
renal tubular epithelial cells have been well characterized, and
it was convincingly shown that they are secondary active sys-
tems for the same small amino acids (Gly, Ala, Pro) and se-
lected derivatives. The substrate specificity and kinetics of
mPAT1 is identical to the transport system described in Caco-2
cells, which preferentially transports small apolar amino acids,
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selected p-amino acids (e.g. p-Ala and p-Ser), the B-amino acid
B-alanine, and the neurotransmitter GABA (13). Moreover, the
stoichiometry of the transport system was proposed to be 1:1
(14), as found for mPAT1. The substrate affinities, as available
from the literature, are in the same range as determined for
mPAT1 (see Table I for K,, values; Refs. 13-21). Minor differ-
ences in affinities may again be due to different experimental
conditions such as medium pH or membrane potential. The
mPAT1 transcript is in addition abundantly expressed in the
small intestine and kidney, giving further evidence for its po-
tential role as a transport system in the apical membrane of
enterocytes and kidney tubular cells. In addition, when per-
forming reverse transcriptase-PCR with Caco-2 cell RNA and
human PAT1-specific primers, we amplified a PCR product
with the predicted size (data not shown).

Expression of mPAT1 and mPAT2 in oocytes and of rLYAAT
in CV-1 cells clearly demonstrated that the proteins serve as
plasma membrane carriers; however, this could be an artifact
of overexpression. Nevertheless, our transfection experiments
with the mPAT2-EGFP fusion protein did not reveal evidence
for a lysosomal localization of this protein in HeLa cells. Based
on this circumstantial evidence we have chosen the more gen-
eral designation PAT for the two new proton amino acid co-
transporters to indicate that they are not a priori lysosomal
carriers, although the rLYAAT-1 protein was exclusively ex-
pressed in vivo in neuronal lysosomes of the rat brain (5).
Immunohistochemical studies in other tissues than brain have
so far not been performed. Consequently, nothing is known
currently about the subcellular localization of the mPAT1/
LYAAT-1 proteins in tissues such as small intestine and kid-
ney. Nevertheless it might be that the mPAT1/LYAAT-1 pro-
tein is targeted in a cell-specific manner to reach either the
plasma membrane or the lysosomes. Such cell type-specific
targeting has already been shown for other membrane proteins
including the epithelial peptide transporter PEPT1, which is
mainly found in the apical plasma membrane of intestinal and
renal epithelial cells (22, 23), but it is also found in lysosomes
of pancreatic acinar cells (24). Therefore, it could be that the
PAT proteins serve as both proton-dependent plasma mem-
brane import transporters and lysosomal exporters for small
amino acids.

In conclusion, we have identified, cloned, and functionally
characterized two mammalian electrogenic H*/amino acid
symporters with a high selectivity for amino acids with apolar

22973

and small side chains as well as related compounds. Although
their cellular localization has not yet been finally determined,
they may serve as plasma membrane and or lysosomal carriers.
The characteristics, in particular of mPAT1, resemble in view
of the mode of operation, substrate specificity, substrate affin-
ity, and enantioselectivity the functions of apical membrane
carriers identified in intestine and kidney for which the protein
entities had not been identified until now.
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Abstract

We recently cloned and functionally characterized two novel proton/amino acid transporters (PAT1 and PAT2) from mouse. Here w
report the isolation of the corresponding cDNAs of the human orthologues and one additional mouse and human PAT-like transport
cDNA, designated PAT3. The PAT proteins comprise 470 to 483 amino acids. The mouse PAT3 mRNA is expressed in testis of adult mic
In the human and mouse genomes the genes of the PAT transporters (desiy@3@al-3 andSc36al-3, respectively) are clustered on
human chromosome 5g33.1 and in the syntenic region of mouse chromosome 11B1.3. PAT-like transporter genes are present as well in
genomes of other eukaryotic organisms suclessophila melanogaster and Caenorhabditis elegans. For the PAT3 subtype transporter,
we could not yet identify its function. The human PAT1 and PAT2 transporters when functionally expreXeeous |aevis oocytes show
characteristics similar to those of their mouse counterparts.
© 2003 Elsevier Science (USA). All rights reserved.

Members of the eukaryote-specific amino acid/auxin per- prise 11 putative transmembrane domains. All mammalian
mease (AAAP) transporter family are found in virtually all ~ AAAP transporters that have been functionally character-
eukaryotic organisms, like yeasts, plants, invertebrates, andized possess two common features. First, they all recognize
vertebrates [1,2]. In mammals three different subfamilies of amino acids or closely related compounds as substrates
the AAAP transporter class have been so far identified, [3,5,9] and second, the transporters’ function is altered by
including the vesicular GABA transporter (VGAT) [3], the  changes in the intra- or extracellular proton concentration,
various system A/N transporters [4—7], and the LYAAT/ ith protons serving either as cotransported ions (PAT
PAT subfamily [8,9]. Although the amino acid sequences transporters) [8,9] or antiport ions (VGAT and system N

between the subgroups are quite divergent, a common Sig+ansporters) [3,4] or as negative regulators of activity (sys-
nature within the protein sequences is found [1]. Moreover tem A transporters) [5]

the proposed membrane topology, so far exclusively based The first mammalian AAAP transporter, the vesicular

on hydropathy analysis [3.’4‘8]' IS very S|_m|Iar and suggests GABA transporter (VGAT, VIAAT), was identified by two
that most of the mammalian AAAP family members com- . . .
independent studies [3,10] based on the previous character-
ization of theCaenorhabditis elegans mutantunc-47. The
* Sequence data from this article have been deposited with the Gen-unc-47 phenotype is caused by the selective impairment of
Bank Data Libraries under Accession No. AY162213 (human PAT1), GABAerg|C neurotransmission, and thmc-47 gene was
AY162214 (human PAT2), AY162215 (human PAT3), and AF453745 . uicied by positional cloning. By sequence homology
(mouse PAT3). . . '
* Corresponding author. Fax: 49-8161-71-3999. screening, the mammal!an o_rthologous cDNAs were 'c.loned,
E-mail address: boll@wzw.tum.de (M. Boll). and their overexpression in neuronal cells identified a
! Abbreviations used: PAT, proton/amino acid transporter; SLC, solute  GABA/H ™ antiport mechanism [3,10]. The VGAT protein
carrier; AAAP, amino acid/auxin permease; VGAT, vesicular GABA has been localized to synaptic vesicles of selected neurons
transporter; VIAAT, vesicular inhibitory amino acid transporter; LYAAT, . . . .
lysosomal amino acid transporter; TMD, transmembrane domain; EST, iN various regions of the brain that are known to play a role

expressed sequence tag; RACE, rapid amplification of cDNA ends. in GABAergic and/or glycinergic neurotransmission [3].

0888-7543/03/$ — see front matter © 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S0888-7543(03)00099-5
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Therefore, VGAT is responsible for the uptake and storage
of GABA and glycine in synaptic vesicles [11].

The second AAAP subfamily contains the amino acid
transport systems A and N. Both transporter types play
important roles in the homeostasis of various neutral amino
acids. So far three different subtypes of system A (SAT1-
3/ATA1-3) and two subtypes of system N (SN1 and SN2)
have been cloned from different mammalian species [4—7].
The system A and N proteins show a high similarity of
>60% to one another [5]. Both transporter subtypes are
localized in the plasma membrane. In brain, system SN1 is
localized exclusively in astrocytic cells, whereas system A
shows neuronal expression [4,12]. Both carriers seem to
play acentral rolein the intercellular transport of glutamine
between astrocytes and neuronsin its delivery as a precursor
for glutamate [13]. In addition to their function in neuro-
transmission, system A and N transporters are key playersin
the interorgan fluxes of neutral amino acid, especialy of
alanine and glutamine [5,14].

The third mammalian subgroup of AAAP transportersis
at present represented by the rat LYAAT1 and the mouse
PAT1 and PAT2 transporters. LYAAT1 and PAT1 are
orthologues, identified independently by Sagne et al. [8] and
our lab [9] by homol ogy-based cloning. Very recently, Chen
et a. [15] reported the cloning of a human PAT1 cDNA
from a human Caco-2 cDNA library. PAT1 and PAT2 are
proton-dependent transporters for small amino acids, such
asglycine, alanine, and proline. Uptake of these amino acids
by the mouse PAT1 and PAT2 transporters is electrogenic
and leads to an intracellular acidification suggesting a pro-
ton/amino acid symport mechanism [9]. In addition to L-a-
amino acids, B-aanine and GABA have been shown to
interact with the transporters’ binding site. Whereas the K,
values for substrates of PAT1 range from 2.5 to 15 mM,
PAT2 represents the high-affinity subtype with K, values
for the same substrates that are generally less than 0.6 mM.
The transporters mRNAs are differentially expressed in
mouse tissues as determined by Northern blot analysis. The
PAT1 mRNA has been detected in virtually all tissues
examined, with high expression levelsin brain, small intes-
tine, colon, and kidney. Moreover, the PATL/LY AAT1 pro-
tein has been detected in lysosomes of neuronsin rat brain
[8]. In contrast to PATL/LYAATL, we could not detect the
PAT2 transporter in lysosomes when using an EGFP-fusion
protein, but showed its presence in the plasma membrane
when overexpressed in HelLa cells [9]. We therefore pro-
pose that the PAT2 transporter plays arole in the influx of
small amino acidsinto selected cells. It seemslike these two
transporters play a dual role in the mammalian organism,
mediating the efflux of small amino acids from lysosomes
into the cytosol and in epithelial cells with an apical local-
ization mediating the uptake of small amino acids into the
cell [8,9]. The expression pattern of the PAT2 mRNA seems
more restricted and particularly high expression levels were
observed in lung and heart but lower levelsare also found in
kidney, testis, muscle, and spleen [9].

Here we present the cloning of the human PAT1 and
PAT2 cDNAs, as well as the identification of a new PAT
member, designated PAT3, from mouse and human. Inter-
estingly, all three genes encoding the PAT transporters are
located in the human as well as in the mouse genome in a
chromosomal region spanning less than 250 kb. The human
genes, designated S C36A1-3, are located on chromosome
5033.1 and the mouse genes Sc36al-3 on chromosome
11B1.3. To assess whether the human transporters have
functions similar to those of their murine counterparts, we
determined their transport characteristics after heterologous
expression.

Results and discussion

Identification of the mouse PAT3 and the human PAT1-3
transporter cDNAs

We previoudly identified two cDNAs (PAT1 and PAT2)
from mouse [9], encoding proton/amino acid symport ac-
tivity as shown by tracer flux studies and electrophysiolog-
ical analysis after expression in Xenopus laevis oocytes.
Here, we report the cloning of the human PAT1 transporter
cDNA by a reverse transcriptase PCR approach, using
Caco-2 cell RNA as a template, and the cloning of the
human PAT2 cDNA from a human adult testis cDNA li-
brary by homology screening. In addition, we were able to
identify athird PAT cDNA, designated PAT3, in the human
and mouse genome. The complete open reading frame
(ORF) of the mouse PATS3 transporter was amplified by
RT-PCR, whereas the human PAT3 ORF sequence was
obtained by assembling RT-PCR product sequences from
different cDNA regions, and the 5’ end sequence was ob-
tained by 5’'RACE. The cloning of a human PAT1 cDNA
from a Caco-2 cell cDNA library was very recently reported
[15] but its sequence is not yet publicly available and
therefore no comparison at the nucleotide sequence level
was possible.

An alignment of the human and mouse PAT proteins is
shown in Fig. 1. The PAT proteins comprise 470 to 483
amino acids. The human and mouse orthologous proteins
share a high similarity to each other with 91 (PAT1), 89
(PAT2), and 83% (PATS3) over the entire protein sequence.
The mouse and human PAT1 and PAT2 proteins are the
most closely related paralogs, with an overall similarity of
~80%. Conserved residues are distributed over the entire
protein sequences, with the exception of the ~40- to 50-
amino-acid-long N-terminal stretch. Using the Kyte and
Doolittle algorithm for hydropathy analysis, an 11-trans-
membrane-domain (TMD) topology is predicted for the
PAT1 and PAT2 proteins, as shown for the mouse PAT1
model in Fig. 2. In the human and mouse PAT3 sequences,
the region that corresponds to TMD 8 in PAT1 and PAT2
does not reveal a clear-cut hydrophobicity profile so that
either 10 or 11 TMDs are predicted for this transporter
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Fig. 1. Multiple sequence alignment of the human and mouse PAT proteins. The alignment was performed with the Clustal W program. Identical (*),

conserved (:), and semi-conserved (.) residues are indicated.

subtype. In the PAT proteins the N-terminus is predicted to
be located on the internal side, whereas the C-terminus may
face the extracellular side or, in the case of a lysosomal
location, the intralysosomal compartment. Various putative
N-glycosylations have been identified in the PAT amino
acid sequences. PAT1 shows three recognition sites in the
proposed luminal domains, of which only one—located in
the C-terminal stretch (Fig. 2)—is also found in the other
PAT sequences. For a variety of H™/solute symporters crit-
ical histidine residues have been identified with a proposed
role in the proton binding [16], and histidine residues are
also present and conserved in the various paralogs and
orthologs of the PAT transporters. The three histidine resi-
dues, H54, H92, and H134, in the mouse PAT1 are con-
served in all three PAT proteins and residues H54 and H92
are located in the first and second transmembrane domains,
with a proposed accessibility from the external or intraly-
sosomal side for binding of the cotransported protons. H134
is located according to the topology model in the second
cytoplasmic loop, which may make it aless good candidate
for proton sensitivity of transport function. However,
whether these histidines are important in proton interaction
with the PAT transporters has till to be shown by using
histidine-modifying agents and/or by site-directed mutagen-
esis.

Genomic organization of the human and mouse S_C36/
PAT genes

Sagne et a. [8] aready reported that in the human ge-
nome, a gene orthologous to LYAATL/PATL1 is found on
chromosome 5g31-g33. Based on the actual version of the
human genome database (October 15, 2002) the genes cor-
responding to the PAT1 to PAT3 cDNAs are all located on

chromosome 5¢33.1, spanning a region of less than 250 kb
on the contig sequence NT_006859.10 (Fig. 3A). The three
human genes are designated S C36A1-S_C36A3, approved
by the HUGO Gene Nomenclature Committee (http://
www.gene.ucl.ac.uk/nomenclature), with the aliases PAT1—
PAT3. The coding regions of all three genes are organized
into 10 exons, demonstrating that they are closely related
and may have arisen from the same primary gene. The
S C36A1 (aiases PAT1 and LYAATL) gene is aready an-
notated by the Human Genome Consortium (LocusiD
206358), whereas for the S C36A2/PAT2 gene only two
exons have been predicted (LocusID 153201). In the human
genome only one additional PAT-like gene is found, which
is located on chromosome 11921 on the contig sequence
NT_008984.12 (Locus|D 120103) and for which no cloned
cDNA is available yet. In the draft version of the mouse
genome, thereis a sequence contig available (Accession No.
AL713870.25), which contains the Sc36al-3/Patl-3
genes, located on chromosome 11B1.3 within aregion span-
ning less than 150 kb (Fig. 3B). The mouse Sc36 genes
comprise, like their human counterparts, 10 exons.

PAT-related proteins in mammals and model organisms

We identified initially the PAT cDNAs by database ho-
mology screening using ayeast protein of the AAAP family
as a template [9]. The three PAT proteins build together
with the LY AAT1 protein a new third subbranch within the
AAAP family, in addition to the VGAT and the various
systems A and N transporter (ATA1-3/SN1-2) subfamilies
(Fig. 4A). The identities/similarities of the different PAT
subtype proteins with the VGAT transporters are almost
identical with the systems A and N transporters, with an
overall 19% identity and 36% similarity vs 17 and 33%,
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Fig. 2. Topology model of the mouse PAT1 protein. Amino acids are represented by circles, with the amino acid residue in the one-letter code. Putative
transmembrane domains are shown schematically. Black circles (with white |etters) represent identical residues in the PAT proteins, shown in Fig. 1. The
conserved putative N-glycosylation site is marked as a branch. The three conserved histidine residues are marked by arrows.

respectively. Conserved amino acid residues are essentially
spread over the entire protein sequences with the exception
of the predicted cytosolic N-terminal stretch. Although the
transporter proteins of the different subfamilies are distantly
related on the molecular level, they all share the two func-
tional features of high proton selectivity and sensitivity and
amino acid transport specificity.

Sagne et a. reported that LYAAT1 homologues are
found in other organisms, like in Drosophila melanogaster
and C. elegans [8]. We extended this analysis and searched
databases for the other AAAP members in these two model
organisms. In D. melanogaster there are most likely 24 and
in C. elegans 14 members of the AAAP family found in the
available genome databases, of which only unc-47 (the C.
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Fig. 3. Genomic organization of the human and mouse SLC36/9¢36 genes. (A) The exon/intron organization of the SLC36A1-3 genes on human chromosome
5033.1 and (B) their orthologous genes Sc¢36al1-3 on mouse chromosome 11B1.3 are shown. The flanking human genes FAT2 and GM2A, as well as the

mouse Fat2 gene, are shown for orientation.



Appendix 2 92
M. Boll et al. / Genomics 82 (2003) 47-56 51
A hPAT1 hPAT1
mPAT1 mPAT1
rLYAAT1 rLYAAT1 §
hPAT2 hPAT2 3
mPAT2 mPAT2 93_>
hPAT3 hPAT3 o
_:mPAT3 mPAT3
(hVGAT CE16186 o
erGAT CE19111 2
CE29720 o
hATA1 <
—| ATA1 | | CE20899 8
hATA2 _:CE14213 [
—|: (ATA2 CE30839
— HATA3 AAF48694 o
—I: 'ATA3 AAF48695 3
AAF52663 o
—hSN1 s
L AAF47603 3
|| rSN1 8]
hSN2 AAF58727 Q
—| SN2 AAF50115 a
AAF50253

0.1

Fig. 4. Dendrograms of the mammalian AAAP and the eukaryotic PAT-like family members. Dendrograms were constructed by the neighbor-joining
agorithm using the ClustalW program. (A) Dendrogram of the mammalian members of the AAAP family, demonstrating a classification of the proteinsinto
three different subfamilies. (B) Dendrogram of the PAT and PAT-like proteins in mammals, D. melanogaster, and C. elegans. The scale bars indicate the

distances between the proteins.

elegans VGAT ortholog) has yet been assigned a physio-
logical function [3,10]. All other AAAP proteins are de-
duced only by genome scan analysis and homology search.
Comparing those AAAP-like transporter proteins with hu-
man and mouse protein sequences, 8 deduced proteins of D.
melanogaster and 6 proteins of C. elegans show highest
similarity to the mammalian PAT transporters. Fig. 4B
shows a dendrogram of the PAT-like proteins of various
mammals as well as D. melanogaster and C. elegans. The
PAT-like proteins in D. melanogaster have a similarity of
42-53% with the mammalian PAT proteins, nearly in same
range as the C. elegans PAT-like proteins, with a similarity
range of 43-51%. Therefore, the PAT transporters display a
fairly high degree of evolutionary conservation, which pre-
dicts also in the invertebrates a distinct physiological rolein
amino acid transport.

It needs to be emphasized that all lower eukaryotes and
prokaryotes use predominantly a transmembrane electro-
chemical proton gradient as the driving force for nutrient
uptake, including the uptake of amino acids. It is believed
that during evolution in higher eukaryotes the transmem-
brane Na“ gradient generated by Na"/K™ ATPase and
Na“/H" exchangers has taken over the role of plasma
membrane electrochemical proton gradients in providing
the driving force for the majority of electrogenic transport
systems. The high number of PAT-like proteinsin D. mela-
nogaster and C. elegans compared to the low number iden-
tified in mammals may reflect the substitution of PAT-like
proteins with those that utilize Na* gradients and that be-
long to other protein families. As aready stated, we could
identify only one additional PAT-like gene in mammals,

including Homo sapiens, with a location on human chro-
mosome 11¢g21, and there is aso no evidence from the
mammalian EST sequence databases for more than a total of
four PAT transporter cDNAS. For the VGAT transporter,
one ortholog in C. elegans (unc-47), as well as one in D.
melanogaster (AAF58280, deduced protein), was found.
None of the systems A and N transporter-like genes/proteins
could be detected in the genome/protein sequence database
of either organism (data not shown), suggesting that the
systems A and N transporters may represent the evolution-
arily more recent family branch of genes in the transition
from proton-gradient-driven to sodium-gradient-driven
electrogenic membrane transporters.

Comparing the amino acid sequences of all identified
PAT-like proteins, several highly conserved regions can
be identified. The multiple sequence alignment in Fig. 5
represents one of the most highly conserved regions
within the PAT proteins. The consensus sequence derived
from the alignment is [FLVI]-R-x(3)-[VLM]-x(6)-[AS]-
X(2)-[IVL]-P-x-[LI]-x(3)-[ILMVT]-[SPGE]-[LF]-[VIFE]-G-
[ASIV]-[FVTL]-[CSA]-[GSLF]-x(2)-[LICM]-[AGNST]-
[LMFI]-[IVLA]-x-P-[PASV]-[LFVIC]-[LIF]. This region
comprisesapart of TMD 9, the fifth luminal loop, and TMD
10, according to the topology model shown in Fig. 2. This
consensus sequence of the PAT proteins is not completely
represented in the other AAAP-like transporter proteins [1].

Tissue-specific expression of the PAT3 mRNA in mice

The mRNASs of the PAT1 and PAT2 subtypes display
different expression patterns in mouse tissues. Whereas
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TMD 9 TMD 10
hPAT1 378 VRTVLVCLTCILAILIPRLDLVISLVGSVSSSALALIIPPLL 420
hPAT2 385 IRLVMVCLTCLLAILIPRLDLVISLVGSVSGTALALIIPPLL 427
hPAT3 368 VRSALVCLTCVSAILIPRLDLVISLVGSVSSSALALIIPALL 410
mPAT1 377 VRTAMVCVTCVLAILIPRLDLVISLVGSVSSSALALIIPPLL 419
mPAT2 380 IRLALVCLTCMLAILIPRLDLVLSLVGSVSSSALALIIPPLL 422
mPAT3 380 VRTALVCLTCFSAVLIPRLDLVISLVGSVSSSALAIIIPPLL 422
AAF47603 363 FRAIIVLLTFGCAVAIPDLSVFLSLVGSFCLSILGLIFPVLL 405
AAF48694 375 FRTFMVLVTLAIAEMVPALGLFISLIGALCSTALALVFPPVI 417
AAF48695 371 LRFFMVMMTFGVALVVPKLNLFISLIGALCSTCLAFVIPVLI 413
AAF50115 372 VRTGLVLITFLLAVAIPNLELFISLFGALCLSALGLAFPALI 414
AAF50116 410 LRVFLVLLCGGIAVALPNLGPFISLIGAVCLSTLGMIVPATI 452
AAF50253 405 LRTVLVTAAVVLAVAVPTIGPFMGLIGAFCFSILGLIFPVVI 447
AAF52663 397 LRVVLVTFTFLLATCIPNLGSIISLVGAVSSSALALIAPPII 439
AAF58727 366 VRLLFLFLTGAVAIGVPNLAALTELEGAFSLSNLNLLCPALI 408
CE14213 358 IRFGGVLLTCAMAQLIPHLALFISLVGSVAGTSLTLVFPPLI 400
CE16186 388 LRLGLMLISLCIALIVPNLMQIIPLVGITSGLLISLILPSFL 430
CE19111 373 LRLSLMLVSLSLALAVPNLTEIIPFVGITSGLLISLIIPSFL 415
CE20899 363 FRVFWVLVTYLMAVLIPKLEIMIPLVGVTSGALCALIFPPFF 405
CE29720 347 FRYSIVIVVFLLSYAIPRLSDMVPLVGVTAGMLLALVFPSLF 389
CE30839 368 410

*

ARYSGVILTCAIAELIPHLALFISLIGAFSGASMALLFPPCI

* . . *

Fig. 5. Multiple alignment of a highly conserved region in the PAT proteins. Using the Block Maker program, highly conserved regions in the PAT proteins
were identified. The consensus sequence derived from the multiple alignment is noted in the text.

the PAT1 mRNA is highly expressed in small intestine,
colon, kidney, and brain, the mouse PAT2 mRNA is
abundantly detected in lung and heart [9]. In contrast, the
PAT3 mRNA has avery restricted expression pattern. By
using reverse transcription PCR, a specific band could be
detected only in testis of adult mice (Fig. 6), whereas
specific PCR products could be amplified for PAT1 and
PAT2 in all tissues tested, with variable signal intensi-
ties. PAT1 mRNA was hardly detectable in skeletal mus-
cle and PAT2 mRNA in small intestine and liver. Based
on Northern blot analysis, the PAT2 mRNA was not
detectable in small intestine, brain, liver, or colon [9], but
by employing RT-PCR we were able to amplify the PAT2
MRNA in virtually all tissues examined, which was also
the case for the PAT1 mRNA. Therefore, the expression
patterns of PAT1 and PAT2 mRNA do not differ very
much, but as shown previously, the absolute expression
levels in the various tissues are strikingly different [9].
On the other hand, the apparent exclusive expression of
PAT3 mRNA in the testis in adult male mice addresses
the question of its physiological role in this organ. What
has not been shown yet is whether PAT3 expression is
sex-specific or whether PAT3 mRNA can also be found
in the female reproductive tissues. Furthermore, the cell
specificity of its expression and the subcellular localiza-
tion of PAT3 have to be determined before its physio-
logical role can be predicted or proven. The mRNA
expression of the various human orthologous PAT trans-
porters is evident, as for all three subtypes various se-
guence fragments are present in the EST sequence data-
base (data not shown).
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Fig. 6. Tissue distribution of the PAT1, PAT2, and PAT3 mRNA in mouse.
5 ng of total RNA of the indicated mouse tissues was reverse transcribed
with oligo(dT) primers. In the PCR, cDNA-specific primer pairs were used
to detect the subtype mRNAs. The expected sizes of the PCR products
were 289 (PAT1), 460 (PAT2), and 454 bp (PAT3). As a control for the
RNA integrity, the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
PCR product was amplified (expected size 453 bp). On the left side, black
lines indicate the 100 and the 1000 bp DNA ladder fragments.
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Fig. 7. Functional expression of the human PAT1 and PAT2 transportersin X. laevis oocytes. (A and B) Oocytes (n = 10) were incubated in Na*-free uptake
buffer at pH 6.5 for 10 min with 100 uM *H-labeled L-proline. The mean uptake rates (+ SEM) of L-proline in water-injected oocytes (black bars) and in
PAT1- (A) and PAT2- (B) expressing oocytes (hatched bars) are shown. Significant differences between uptake rates are marked (***p < 0.001, *p < 0.05).
(C and D) Oocytes expressing human PAT1 (C) or human PAT2 (D) were held at a membrane potential of —40 mV and perfused with Na*-free buffer at
pH 6.5 in the absence or presence of the indicated amino acids at 20 mM. Water-injected oocytes (control, upper trace) did not respond in holding currents

to the addition of the amino acids.

Functional expression of the PAT transporters
in X. laevis oocytes

Based on the well-characterized function of the murine
PAT1 and PAT2 proteins [9] al three independently cloned
mouse PAT3 cDNAs were also tested for amino acid trans-
port function after expression of the cRNA in X. laevis
oocytes. None of the 20 proteinogenic amino acids, pro-
vided in concentrations of 10 mM, was able to induce any
inward currents in voltage-clamped oocytes injected with
the PAT3 cRNA (data not shown). Uptake of radiolabeled
glycine, alanine, and proline (each 100 M) was also not
enhanced in PAT3 cRNA-injected oocytes compared to
water-injected control oocytes (data not shown). So, cur-
rently we cannot assign a transport function for the PAT3
protein, which may depend on (a) a very low functional
expression level in oocytes or (b) alack of translocation of
the mature protein to the plasma membrane or (c) a quite
different substrate specificity (accepting none of the protei-
nogenic amino acids as substrate) or (d) a completely dif-
ferent transport mode. Further investigations are needed to
elucidate the function of the PAT3 protein.

In contrast to mouse PATS3, transport function of the
human PAT1 and PAT2 transporters could be determined
and characterized when their cRNAs were injected into X.
laevis oocytes. Both flux studies using radiolabeled amino
acids and the two-electrode voltage-clamp technique al-
lowed electrogenic H*/amino acid symport to be demon-

strated. With radiolabeled proline (100 uM) we obtained
increased proline influx in human PAT1- as well as in
human PAT2-expressing oocytes compared with the uptake
in water-injected control oocytes (Figs. 7A and 7B). From
the three different PCR products obtained for PAT1, two of
the injected human PAT1 cRNAs were able to enhance
proline accumulation in oocytes by ~4.8- (clone A) and
~2.8-fold (clone B) over control values (Fig. 7A). The
difference in expression level between the two clones,
which are identical in the open reading frames, is most
likely due to the varying 5’ and/or 3’ ends and those are
longer in the PAT1 clone B. The third clone was not se-
quenced, because of its lack of functional expression in X.
laevis oocytes (data not shown). The human PAT2 cRNA
caused increased proline uptake by ~2.1-fold over controls.
However, the functional expression level was generally
much lower than that of the mouse PAT2 protein (Fig. 7B).

Electrogenicity of transport function in human PAT1-
and PAT2-expressing oocytes could be shown for a variety
of amino acids. The addition of 20 mM glycine to the
perfusate induced positive inward currents of around 620
nA at an extracellular pH of 6.5 and a membrane potential
clamped at —40 mV (Fig. 7C). The currents induced by
alanine and proline were in a range similar to that of those
induced by glycine in human PAT1-expressing oocytes.
Under the same experimental conditions glycine and proline
induced inward currents of ~60 and ~50 nA in the case of
human PAT2, confirming the low functiona expression
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levels achieved (Fig. 7D). Based on this comparative anal-
ysis of functions, the human orthologues appear to have
functional characteristics similar if not identical to those of
the mouse PAT1 and PAT2 proteins and are electrogenic
proton/amino acid symporters with a high selectivity for
amino acids with small side chains. This was aso recently
confirmed for human PAT1 cloned from a Caco-2 cell
cDNA library by Chen et a. [15].

In summary, we have identified the human orthologous
proteins of the mammalian PAT class of novel proton-
dependent amino acid transporters and have added a new
mammalian member designated PAT3 with a yet unas
signed function. The genes of the three PAT transporters are
clustered in the human as well as the mouse genome. The
PAT proteins belong to a larger group of amino acid trans-
porters with relatives showing different cellular and subcel-
lular localizations that have in common the specificity to
transport selected amino acids and a distinct role of protons
in the transport mode. The PAT proteins identified in mam-
mals may resemble the “archaic section” of lower eukary-
otic amino acid transporters utilizing a proton motive force
that is still present in the mammalian organisms.

Materials and methods
Animals

Female X. laevis were purchased from Nasco (Fort At-
kinson, USA), and adult male mice (C57BL/6) were pur-
chased from Charles River (Sulzfeld, Germany).

Materials

The 5" RACE system and the high-fidelity Taq polymer-
ase ELONGase were purchased from Invitrogen (Groning-
en, Netherlands), the Retroscript kit from Ambion (Hunt-
ingdon, UK), and the oligonucleotide %P labeling kit from
AP Biotech (Freiburg, Germany). All chemicals including
amino acids used were of p.a. quality and purchased from
Sigma-Aldrich/Fluka (Deisenhofen, Germany) or Merck
(Darmstadt, Germany).

Cloning of the human PAT1 cDNA

Five micrograms of RNA, isolated from Caco-2 cells
(provided by D.T. Thwaites, University of Newcastle
upon Tyne, UK), was reverse transcribed with the Ret-
roscript system (Ambion) with oligo(dT) primers. The
PCR was performed with 5 ul reverse-transcribed RNA
using the ELONGase enzyme mix (Invitrogen) contain-
ing proofreading polymerase and the following pairs of
human PAT1-specific primers. (a) PAT1-F-14 (AT-
GCTCCAGCTGCCATGTCCA) and PAT1-B1546 (CT-
GCAGAGACGAACCCAGATC), (b) PAT1-F-128 (CA-
GAACCCGAGCAGTGAGTTC) and PAT1-B1546, and

(c) PAT1-F-128 and PAT1-B1532 (ATGAAGGCACAG-
GTGGAATTG). Primer sequences (numbered according
to their relative position to the start codon) were derived
from the deduced human SLC36A1 exons and all PCR
products comprise the complete human PAT1 ORF. The
obtained PCR products with the expected size were
cloned into the pCRII vector (Invitrogen). Several clones
were picked and the cDNA inserts were analyzed for their
right direction, having the 5" end directed to the T7
promoter of the vector. The cDNA inserts of the three
human PAT1 clones (PAT1A-C) were subcloned with
EcoRl into the pCRII vector, containing ~700 bp of the
3’ end of the rabbit PEPT2 cDNA (including the poly(A)
tail) at the SP6 site of the MCS to enhance functional
expression in X. laevis oocytes, as previously reported
[9]. After the functional expression of the different hu-
man PAT1 clones was tested in X. laevis oocytes, the
cDNA inserts of both functional PAT1 cDNA clones
(clones A and B) were sequenced on both strands. The
sequences of both cDNAs were identical within the open
reading frame and the sequence has been deposited with
GenBank (Accession No. AY 162213).

Cloning of the human PAT2 cDNA

In the first round, GeneFinder cDNA pools from the
resource center of the German human genome project
(RZPD, Berlin, Germany) containing plasmid DNA of
various human cDNA libraries were screened using the
PCR method on 96-well microtiter plates. The following
primer pairs were used: (a) PAT2-F679 (AACATCAG-
CATGCTGGTCAGC) and PAT2-B1480 (TGCTGG-
TAGGCAAGGAGCAG) and (b) PAT2-F184 (CACCT-
GGTGAAAGGCAACATG) and PAT2-B585 (CAGA-
ATCACCGTCTCATTGGA). Primer sequences were de-
rived from the human PAT2 gene segquences, which had
been in part obtained by homology search using the mouse
PAT2 cDNA sequence as template. We obtained a PCR
product with the predicted size in two cDNA pools, con-
taining plasmid DNAs from a human adult testis cDNA
library (Library No. 565; RZPD). A high-density colony
filter of the cDNA library was ordered and screened with a
[*2P]dATP-labeled PAT2-specific cDNA probe. Two clones
were identified and ordered with the RZPD clone IDs
DKFZp565L1565Q6 and DKFZp565M0451Q6. Both
strands of the cDNA insert of the positive clone
DKFZp565M0451Q6 were sequenced (GenBank Accession
No. AY162214). The PAT2 cDNA insert, originally in the
PAMP1 vector, was subcloned with EcoRI into the pCRII
vector for cCRNA synthesis using the T7 RNA polymerase.

Identification of the mouse and human PAT3 cDNA
The exons of the Slc36a3 gene in mouse were partly

identified by a homology search in the draft sequences of
the mouse genome and the EST sequence database using the
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mouse PAT2 sequence as template. Thereby, most of the
cDNA sequence could be identified, including the complete
untrandlated 3’ end (e.g., the EST sequences AV 284440,
BB016045, and BB405219). All mouse PAT3-like EST
sequences were derived from cDNA clones from testis-
specific cDNA libraries. The missing 5" end of the mouse
PAT3 cDNA was obtained by 5'RACE (5'RACE System;
Invitrogen). The first-strand cDNA was synthesized from 5
g total testis RNA from mouse with the Superscript RT
according to the manufacturer’s protocol using the mouse
PAT3-specific primer PAT3-B665 (AGGCTGCTCAGG-
GTGGTGATG). The PCRs were performed with 5 ul RT
reaction, SigmaRed Taq (Sigma), the antisense primer
PAT3-B595 (ACCAGCAGGATGAGGAAGGGC), and the
abridged anchor primer, included in the 5'RACE System.
One microliter of the first PCR was subjected to a second
round of amplification using the antisense primer PAT3-
B411 (CAGCAGGAAGCTCACAACGTAC) and the
abridged anchor primer. The obtained PCR product was
cloned into the pCRII vector and sequenced. The primer
pair PAT3-F-20 (ACCTCTGCTGCCTGTCCATCA) and
PAT3-B1488 (GCAAATCCAACAGAGGGTGGA) was
used to amplify PCR products comprising the complete
mouse PAT3 ORF. Three independently amplified PCR
products with the expected size were cloned into the pCRI|
vector and then subcloned into pCRII including the rabbit
PEPT2 3’ end. The cDNA inserts of two mouse PAT3
clones were sequenced on both strands (GenBank Acces-
sion No. AF453745). The human PAT3 cDNA sequence
was partly predicted by sequence homology of the mouse
PAT3 cDNA to the human genome sequence (Sequence
contig NT_006859.10) and EST sequences (sequence 1D
A1208756 and AA922218). The 5’ end of the cDNA was
identified by using the 5’RACE method. The first-strand
cDNA was synthesized from 5 g human testis RNA (Am-
bion) with Superscript RT using the human PAT3-specific
primer PAT3-B607 (ACAGGATCAGGAAGGGCAGGA).
The PCR was performed with 5 ul RT reaction, SigmaRed
Taq (Sigma), the antisense primer PAT3-B445 (AGC-
CCAGCTGGGTGATGACTA), and the abridged anchor
primer. The approximately 700-bp-long PCR product ob-
tained was cloned into the pCRI | vector and sequenced. The
assembled PAT3 cDNA sequence has been submitted to
GenBank (Accession No. AY 162215).

RNA isolation and RT-PCR

Total RNA from different mouse tissues was isolated
with RNAwiz (Ambion) following the supplier’s protocol.
Four microliters of first-strand cDNA—prepared from 5 ug
total RNA using oligo(dT) primers and the Retroscript sys-
tem (Ambion)—was subjected to PCR. PCR amplification
was performed for 30 cycles with 94°C denaturation for
30 s, 57°C annealing for 30 s, and 72°C extension for 30 s
with the RedTag polymerase (Sigma). The following gene-
specific primer pairs were used for amplification: (i) PAT1-

F88 (GCTACCATGTCCACACAGAGG) and PAT1-B376
(TGCAGTGCACGGCCACGATAC), (ii) PAT2-F679
(AACATCAGCATGCTGGTCAGC) and PAT2-B1138
(TAGACAGGTCCACGGCAGTG), (iii) PAT3-F212 (CT-
GTCAGCCTCTTGGCCATCG) and PAT3-B665 (AG-
GCTGCTCAGGGTGGTGATG), and (iv) GAPDH-F519
(GACCACAGTCCATGACATCACT) and GAPDH-B971
(TCCACCACCCTGTTGCTGTAG). Ten microliters of
each PCR was separated by agarose gel electrophoresis and
visualized with ethidium bromide.

Expression studies in X. laevis oocytes

The handling of X. laevis oocytes, the in vitro synthe-
sisof cRNA, and theinjection of cRNA into oocytes have
been described previously [9]. Twenty-five nanograms of
human PAT1, 50 ng of human PAT2, and up to 50 ng of
mouse PAT3 cRNA were injected into oocytes. Three to
five days after injection function was tested by employing
flux studies with radiolabeled amino acids or electrophys-
iological recordings with the two-electrode voltage
clamp. In flux studies, 10 oocytes per condition were
preincubated at room temperature for 2 min in Na*-free
standard uptake buffer (100 mM choline chloride, 2 mM
KCI, 1 mM MgCl,, 1 mM CaCl,, 10 mM Mes, pH 6.5).
The buffer was then replaced by the respective uptake
buffer supplemented with 100 uM proline (2 wCi/ml
L-[*H]proline; ICN). After 10 min incubation, the oocytes
were washed three times with 3 ml of ice-cold uptake
buffer and distributed to individual vials. After oocyte
lysis, radioactivity was counted by liquid scintillation.
The two-electrode voltage clamp experiments were per-
formed as described previously [9]. Briefly, oocytes were
placed in an open chamber and continuously superfused
at a clamped membrane potential of —40 mV with incu-
bation buffer (100 mM choline chloride, 2 mM KClI, 1
mM MgCl,, 1 mM CaCl,, 10 mM Mes, pH 6.5) in the
absence or presence of various amino acids (20 mM).

Sequence analyses

Homology searches with nucleotide and protein se-
guences were performed with various BLAST methods
(http://www.ncbi.nim.nih.gov/BLAST) [17]. The multiple
alignment of protein sequences and the phylogenetic anal-
yses were performed using the ClustalW 1.7 program pack-
age from the European Bioinformatics Institute (http:/
www.ebi.ac.uk) [18]. Searches for consensus patterns
within the PAT-like proteins were performed with the Block
Maker program (http://blocks.fherc.org/) from the Fred
Hutchinson Cancer Research Center (Seattle, WA, USA)
[19].
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Summary

The PAT family of proton-dependent amino acid transporters
has recently been identified at the molecular level. This paper
describes the structural requirements in substrates for their
interaction with the cloned murine intestinal proton/amino acid
cotransporter (PAT1). By using Xenopus laevis oocytes as an
expression system and by combining the two-electrode voltage
clamp technique with radiotracer flux studies, it was demon-
strated that the aliphatic side chain of L-z-amino acids
substrates can consist maximally of only one CH,-unit for
high affinity interaction with PAT1. With respect to the maximal
separation between the amino and carboxyl groups, only two
CHz-units, as in y-aminobutyric acid (GABA), are tolerated.
PAT1 displays no or even a reversed stereoselectivity, tolerat-
ing serine and cysteine only in the form of the D-enantiomers. A
methyl-substitution of the carboxyl group (e.g. O-methyl-gly-
cine) markedly diminishes substrate affinity and transport
rates, whereas methyl-substitutions at the amino group (e.g.
sarcosine or betaine) have only minor effects on substrate
interaction with the transporter binding site. Furthermore, it has
been shown (by kinetic analysis of radiolabelled betaine influx
and inhibition studies) that the endogenous PAT system of
human Caco-2 cells has very similar transport characteristics to
mouse PAT1. In summary, one has defined the structural
requirements and limitations that determine the substrate
specificity of PAT1. A critical recognition criterion of PAT1 is
the backbone charge separation distance and side chain size,
whereas substitutions on the amino group are well tolerated.

Keywords: Rheogenic, osmolytes, D-amino acids, absorption,
proton symporter.

Abbreviations: AAAP, amino acid/auxin permease, VGAT, vesi-
cular GABA transporter, PAT, proton/amino acid transporter, GABA,
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Introduction

Members of the eukaryotic amino acid/auxin permease
(AAAP) family are found in yeast, plants, invertebrates and
mammals (Young et al. 1999). In mammals, three different
subfamilies of the AAAP transporter class have been
identified presently, represented by (i) the vesicular y-
aminobutyric acid (GABA) transporter VGAT (Mclntire et
al. 1997); (ii) a subfamily consisting of various transporters
with system A and N activity (Chaudhry et al. 1999, Reimer
et al. 2000, Sugawara et al. 2000, Nakanishi et al. 2001);
and (iii) the lysosomal amino acid and proton/amino acid
cotransporters LYAAT/PAT (Sagne et al. 2001, Boll et al.
2002). Although the amino acid sequences between the sub-
groups are quite divergent, a common signature motif within
the protein sequences is found (Young et al. 1999). More-
over, the membrane topologies of the transporters, based on
hydropathy analysis, are very similar and suggest that most
of the mammalian AAAP family members possess 9-11
transmembrane domains (Chang and Bush 1997).

One of the important common functional features of the
transporters within the different subfamilies is that they all
show the involvement of a specific proton binding site. VGAT
serves as an H™ Jamino acid antiporter (Mclntire et al. 1997)
and system N mediates H™ efflux during Na*/amino acid
influx (Chaudhry et al. 1999, 2001). System A seems not to
translocate H™, but its transport activity is strongly inhibited
by high external proton concentrations (Reimer et al. 2000,
Chaudhry et al. 2002). Finally, the LYAAT/PAT transporter
clones are the first rheogenic H* /amino acid cotransporters
identified in mammals (Sagne et al. 2001, Boll et al. 2002).
As yet, little functional characterization of the VGAT trans-
porter has been possible due to its exclusive localization in
synaptic vesicles. VGAT, when overexpressed in PC12 cells,
mediates the uptake of GABA into synaptic vesicles, and this
process can partly be blocked by an excess of glycine
(Mclntire et al. 1997, Sagne et al. 1997). Whether the VGAT
transporter also accepts other amino acids than these two
inhibitory neurotransmitters is unknown. The system N
transporters SN1 and SN2 prefer mainly glutamine, aspar-
agine and histidine as substrates (Chaudhry et al. 1999,
Nakanishi et al. 2001). System A transporters have a
broader substrate specificity, accepting a variety of zwitter-
ionic amino acids, e.g. glutamine, alanine, serine, cysteine
and methionine (Reimer et al. 2000, Sugawara et al. 2000).
In addition, the system A transporter subtype ATA3 mediates
the uptake of cationic amino acids (Hatanaka et al. 2001).
The rat LYAAT1, when overexpressed in CV-1 cells,
mediates the uptake of small amino acids such as alanine
and proline and the neurotransmitter GABA. Immunohisto-
chemistry revealed that the LYAAT1 protein is localized in
the lysosomal compartment of glutamatergic and GABAergic
neurons in rat brain, where it seems to be responsible for the
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efflux of small amino acids from lysosomes (Sagne et al.
2001).

One has recently cloned the PAT1 transporter cDNA from
mouse intestine (Boll et al. 2002), which is the mouse
orthologue of rat LYAAT1. When expressed in Xenopus
laevis oocytes, PAT1 induced a pH-dependent electrogenic
transport activity for the proteinogenic amino acids glycine,
alanine and proline, the neurotransmitter GABA and the D-
amino acid D-alanine. The apparent K, values of these
amino acids are in the range of 2.8—7.5 mM. Phenotypically,
the PAT1 transporter possessed functional characteristics of
a proton-coupled amino acid transporter (system PAT)
identified in apical membranes of intestinal (Thwaites et al.
1993a,b, 1994, 1995a,b,c, 2000, Thwaites and Stevens
1999) and renal (Rajendran et al. 1987, Roigaard-Petersen
et al. 1987, Jessen et al. 1988, 1989, 1991, Wunz and
Wright 1993) epithelia. The hypothesis, that PAT1 may
represent the molecular entity of this intestinal and renal
epithelial transport system, was supported by the fact that
the PAT1 mRNA was detectable in small intestinal as well as
renal tissues (Boll et al. 2002). The proton-dependent
transport system, as characterized in the human intestinal
epithelial (Caco-2) cell monolayers (Thwaites ef al. 1993a,b,
1994, 1995a,b,c, 2000, Thwaites and Stevens 1999) and
renal brush border vesicles (Rajendran et al. 1987, Roi-
gaard-Petersen et al. 1987, Jessen et al. 1988, 1989, 1991,
Wunz and Wright 1993), displayed a distinct substrate
specificity accepting almost exclusively small apolar amino
acids, such as glycine, alanine and proline (Rajendran et al.
1987, Roigaard-Petersen et al. 1987, Thwaites et al. 1993b,
1994, 1995a. In addition, derivatives of small amino acids are
also recognized by this transport pathway, examples include
the neurotransmitter GABA (Thwaites et al. 2000), amino-
isobutyric acid (AIB) (Jessen et al. 1991, Thwaites et al.
1995c), o-N-methyl-amino-isobutyric acid (MeAlB, regarded
as the classical system A substrate) (Thwaites et al. 1995b),
the osmolytes sarcosine and betaine (Wunz and Wright
1993, Thwaites et al. 1995c), small D-amino acids (Jessen et
al. 1988, Thwaites et al. 1995¢) and the partial antagonist at
the glycine binding site of the NMDA receptor D-cycloserine
(Thwaites et al. 1995a). That the system described in Caco-2
cells indeed represents the PAT1 protein was most recently
shown by Chen et al. (2003) with the cloning of the human
PAT1 cDNA from the Caco-2 intestinal epithelial cell line and
by immunolocalization of the PAT1 protein in the apical
membrane of the cells. Although the substrate specificity of
the PAT system in the intestine has been carefully char-
acterized, no detailed analysis of the substrate recognition
pattern or on transport and affinity of corresponding amino
acid derivatives has been performed. Such an analysis has
also pharmacological implications, as the PAT-transporters
carry the inhibitory neurotransmitters glycine and GABA and
structurally-related compounds which may act as agonists or
antagonists of the receptors and reuptake pathways includ-
ing D-serine, D-cycloserine and a range of GABA analogues
(Thwaites et al. 1995a,c, 2000).

Here, one describes for the first time the analysis of
structural features in substrates for their interaction with the
PAT1-transporter binding site by determination of the trans-
port rate and the affinity of a large set of test compounds.

The ability of the PAT1-protein to tolerate substrates of
variable side chain and backbone length was explored and
the role of the terminal head groups was determined. The
findings provide insights into the minimal structural require-
ments for substrate binding to PAT1.

Results

The length of the amino acid side chains and of the backbone
determine substrate interaction with the PAT1-binding site

The substrate selectivity of the murine proton/famino acid
symporter PAT1 following expression in Xenopus laevis
oocytes was determined by using the two electrode voltage
clamp technique and competition assays in tracer flux
studies. Glycine and L-alanine evoked pronounced positive
inward currents in PAT1 expressing oocytes. The introduc-
tion of just one additional CHx-unit into the side chain of L-
alanine leading to L-«-aminobutyric acid reduced the sub-
strate evoked currents to only 5.9 +0.3% of those of glycine
at a concentration of 20 mM (pH 6.5) (Table 1). The apparent
affinity of L-z-aminobutyric acid for PAT1 dropped to ~ 48
mM. A further side chain extension, as in L-norvaline and L-
norleucine, abolished any substrate interaction with the
transporter (Table 1). These findings were mirrored by the
data obtained in tracer flux studies in which uptake of

Table 1. Apparent affinities and PAT1-mediated currents of various
compounds tested in this study. Concentration-dependent substrate
evoked currents were determined and, after Eadie-Hofstee-transfor-
mation, the apparent K., has been calculated by linear regression
analysis. Values represent the mean+SEM of n=5-7 oocytes. In
the third row, data represent the normalized currents (mean +SEM,
n =5-7) of the selected compounds (20 mM) relative to the glycine
(20 mM) evoked currents at pH 6.5 at a membrane potential of —60
mV. |l mw Values of compounds not significantly higher than
background values in water-injected oocytes (p > 0.05, students
paired t-test) are given as 0. K, and %lso mm values taken from
previous studies (Boll et al. 2002) are marked with asterisks (*).

Y%l20 mm

Substrate Apparent K, value (mM) (lgy = 100%)
Elongation of the side chain

glycine 7.0+0.7* 100

L-alanine 7.540.6* 88.5+2.8*

L-o-aminobutyric acid 4848 5.940.3

L-norvaline nd 0

L-norleucine nd 0
Elongation of the backbone

f -alanine 5.240.2 103+0.8

y-aminobutyric acid 3.14+0.2* 51+0.6

J -aminopentanoic acid 38+1 16+1.2

g-aminohexanoic acid nd 0
D-enantiomers

D-alanine 6.3+0.7* 98.2+1.7

D-serine 15.6+1.4 50.9+1.1

D-cysteine 24.040.9 69.54+1.6

D-a-aminobutyric acid 36+2 26.5+0.7
O-methyl substitution

O-methyl-glycine nd 13.3+2.4

O-methyl-alanine nd 21.5+1.9
N-methylated glycines

sarcosine 3.2+0.3 110+3.7

N,N-dimethylglycine 7.8+0.6 74.842.2

betaine 54+0.3 66.8+2.3
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Figure 1. The elongation of the side chain and the backbone of L-
amino acids reduces the ability for the interaction with the PAT1
transporter. (a) Inhibition of [°H]glycine uptake by L-z-amino acids in
PAT1 expressing oocytes. Data represent the PAT1 mediated
glycine uptake in the absence (filled bar) or presence (hatched bars)
of 10 mM L-z-amino acids in Na*-free buffer at pH 6.5 (mean+
SEM, n=6-8). (b) Inhibition of glycine uptake by w-amino acids in
PAT1 expressing oocytes. The mean+SEM (n=6-8) of PAT1
mediated glycine uptake in the absence (filled bar) or presence
(hatched bars) of 10 mM w-amino acids in Na ™ -free buffer at pH 6.5.

radiolabelled glycine (100 pM) was reduced by the addition of
a 100-fold excess of either glycine or alanine to 28.7 +3.6%
and 20.8 +4.0% of control glycine uptake. Neither 10 mM L-
a-aminobutyric acid, nor L-norvaline or L-norleucine reduced
glycine transport (Figure 1(a)). Since the resting membrane
potential is not controlled in the tracer flux studies, it has
been determined based on the inward currents to which
extent the apparent substrate affinity is dependent on the
membrane voltage. In the range of the natural resting
potential of oocytes (—20 to —60 mV), there was no

significant effect on the apparent affinity for example of Gly
with a K, of 7.3+0.3 at —20 mV and 7.0+0.7 mM at —60
mV. This suggests that the data from tracer flux studies and
current measurements performed at —60 mV can be
compared, as affinities are not markedly altered by mem-
brane voltage.

As previously shown, LYAAT1/PAT1 proteins transport not
only «-amino acids (Sagne et al. 2001, Boll et al. 2002).
Here, it is determined how an elongation of the backbone in
w-amino acids affects substrate interaction with the trans-
porter. Inhibition studies revealed that 10 mM f-alanine and
GABA were able to decrease uptake of radiolabelled glycine
to 18.0+1.3% and 26.4+2.3%, respectively, whereas 10
mM J-APA or ¢-AHA showed no inhibition (Figure 1(b)). In
voltage clamped oocytes expressing mPAT1 20 mM of f-Ala
or GABA produced inward currents of 103.0+0.8% and
51.0+0.6%, whereas J-amino pentanoic acid (J-APA)
evoked only 16.0+1.2% of the glycine currents and no
current response was obtained by 20 mM ¢-aminohexanoic
acid (¢-AHA) at a pH of 6.5 (Table 1).

Michaelis-Menten kinetics for Gly, f-Ala and GABA
induced transport currents at a membrane voltage of —60
mV revealed K., values of 7.0+0.7, 5.2+0.2 and 3.1+0.2
mM, respectively (Table 1). In contrast, the apparent K, of J -
APA was ~ 38 mM, demonstrating that the extension of the
backbone in w-amino acids by up to 2 CH,-units is accepted,
but then affinity declines dramatically.

The position of the amino group within the amino acid has
a major impact on the ability of substrates to interact with the
PAT1-binding site. Figure 2(a) shows in direct comparison
based on current-voltage relationships that aminobutyric acid
with the amino group in «-position induces considerably less
current than f- and y-aminobutyric acid and, accordingly,
only - and y-aminobutyric acid (10 mM) were able to inhibit
glycine uptake significantly in PAT1-expressing oocytes
(Figure 2(b)).

PATT1 displays a ‘reversed’ stereoselectivity

One has demonstrated previously that D-amino acids with
small side chains are transported by PAT1 in an electrogenic
manner and that the apparent affinities of the L- and D-
enantiomer of alanine are not significantly different from each
other (K, =7.54+0.6 and 6.3 +0.7 mM, respectively) (Boll et
al. 2002). Here, it is shown that all tested D-amino acids
produce higher inward currents than the corresponding L-
enantiomers at a concentration of 20 mM (Figure 3(a) and
Table 1). These differences were significant for serine,
cysteine and «-aminobutyric acid with g mm (in %lgy) of
9.240.5vs 50.9+1.1 for L- and D-serine, 1.8 +0.2 vs 69.5+
1.6 for L- and D-cysteine and 5.04-0.5 vs 26.54-0.7 for L-
and D-«-aminobutyric acid (p <0.01, n=6, Table 1).
Furthermore, the apparent affinities of the D-amino acids
were generally higher than those of the equivalent L-
enantiomers with 4.4-fold in the case of serine (69+5 vs
15.6 +1.4 mM for L- and D-serine, respectively) and ~ 1.3-
fold in the case of «-aminobutyric acid (48 +8 vs 36 +2 mM
for L- and D-«-aminobutyric acid, respectively). Due to the
very low currents of L-Cys of less than 2% of the glycine
currents (20 mM) (Boll et al. 2002), one was not able to
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Figure 2. The position of the amino group has a pronounced effect
on amino acid transport by PAT1. (a) Current-voltage relationship (I-
V curve) of different aminobutyric acids varying in the amino group
position in PAT 1-expressing oocytes. (b) Inhibition of glycine uptake
by aminobutyric acid derivatives in PAT1 expressing oocytes.

determine its apparent affinity, whereas the K., value of D-
Cys was determined as 24.0+0.9 mM (Table 1). The
inhibitory potency of D-amino acids on glycine uptake in
PAT1-expressing oocytes showed the same rank order as
the affinities determined by electrophysiology (D-Ala > D-
Ser > D-Cys > D-a-ABA) (Figure 3(b)). The D-amino acids
D-aspartate and D-leucine failed, similar to the L-az-amino
acids with a more bulky side chain, to inhibit glycine uptake
significantly (Figure 3(b)).

Different effects of methyl-substitutions of the carboxyl or
amino group on substrate recognition by PAT1

It was also tested whether modifications of the carboxyl or
the amino group of amino acids affect PAT1-mediated

substrate-evoked currents. Gly-O-methyl and Ala-O-methyl
esters evoked only 13.3+2.4% and 21.5+1.9% of control
glycine currents at a concentration of 20 mM (Table 1). In
inhibition studies, 20 mM Gly-O-methyl or Ala-O-methyl
failed to reduce significantly glycine influx, demonstrating a
very low affinity of the O-methylated amino acids (Figure 4).

In contrast to the carboxyl terminus, methyl-substitutions
of the amino group of glycine were well tolerated. As shown
in Figure 5(a), the N-methylation of glycine has only minor
effects on the magnitude of PAT1-mediated currents at —60
mV and in the corresponding I-V relationships with sarcosine
induced even slightly higher currents (110%) than glycine,
whereas N,N-dimethylglycine and betaine induced 74.8%
and 66.8% of glycine currents, respectively. Moreover, all
three compounds inhibited glycine influx (Figure 5(b)) and
the apparent affinities of sarcosine (K, 3.2+0.3 mM) N,N-
dimethylglycine (K, 7.8 +0.6 mM) and betaine (K, 5.4 +0.3
mM) are very similar to that of glycine (K, 7.0 mM) under the
same experimental conditions (Table 1). Since transport of
betaine is of particular interest in view of its function as an
osmolyte, it was assessed whether H™ /betaine influx via
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diminishes the substrate/PAT1 transporter interaction. Inhibition of
glycine uptake by O-methylated amino acids in PAT1 expressing
oocytes. Glycine uptake is shown in the absence (filled bar) or
presence (hatched bars) of 10 mM O-methyl-glycine or O-methyl-
alanine (mean+SEM, n =6-8 oocytes).

PAT1 causes intracellular acidification with membrane po-
tential clamped to —60 mV (Figure 5(c)). Glycine influx
evoked a steady state inward current of 1340 nA and, in
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parallel, led to a pronounced decline of pH;, from 7.4 to pH
6.4 and betaine produced currents of ~ 640 nA and a decline
in pH;, within 5 min from pH 7.4 to 6.7. Water-injected control
oocytes evoked neither current nor pH changes upon
addition of the test compounds (data not shown).

The substrate recognition pattern of the PAT-system in
Caco-2 cells is identical with that of the cloned PAT1
transporter

To test whether the findings obtained with the heteroge-
neously expressed PAT1-transporter apply also to the
endogenously expressed PAT-activity found in mammalian
cells, the Caco-2 cell line was used as a model of
differentiated intestinal enterocytes. The kinetics of apical
uptake of betaine in Caco-2 cells as a function of the betaine
concentration in the presence of a pH gradient and Na " -free
conditions clearly shows a saturable component (Figure
6(a)). After subtraction of the non-carrier-mediated compo-
nent, the apparent affinity of the carrier mediated betaine
uptake was determined as 6.1 mM. This is in agreement with
the K, value of betaine in PAT1-expressing oocytes (5.4
mM). Furthermore, the substrate recognition pattern of the
PAT-system in Caco-2 cells was essentially identical to that
of the heterologously expressed transporter. Both glycine
and alanine (each 10 mM) were able to inhibit betaine uptake
significantly (reducing uptake to 32.2+5.1% and 29.7 +3.4%
of control values, respectively), whereas no significant
inhibition was observed when adding «-aminobutyric acid,
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Figure 5. The N-methyl substitution of glycine has only a minor influence on transport and affinity by PAT1. (a) Current-voltage relationships (I-
V curve) of different N-methylated glycines (20 mM) in PAT1-expressing oocytes. Data represent the mean +SEM of substrate evoked currents
at —60 mV (n=26). (b) Inhibition of glycine uptake by N-methylated glycines in PAT1 expressing oocytes. Data represent the PAT1 mediated
glycine uptake in the absence (filled bar) or presence (hatched bars) of 10 mm of the indicated N-methylated glycine. (c¢) Intra-cellular pH and
current recordings following the application of 20 mM glycine or betaine. The upper traces represent the intracellular pH recordings in PAT1
expressing oocytes clamped at —60 mV. The lower traces represent the holding currents. Data are representative of three experiments with

PAT1 expressing oocytes.
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Figure 6. Betaine uptake across the apical membrane of Caco-2
cell monolayers. Betaine (0.5 uCi/ml, 100 um) uptake (10 min, 37°C)
was measured across the apical membrane of Caco-2 cell mono-
layers. (a) Uptake was measured over a range of betaine concen-
trations (0-20 mM). The curve represents the best fit using
Michaelis-Menten kinetics (one saturable component plus a linear
component). For the saturable (hPAT1) component, the K, was 6.15
mM and Viax 8.97 nmol cm~2 x 10 min~" (= 0.99). The linear
component was 0.358 nmol cm~2 x 10 min~' mM~" (dashed line).
Results are mean+SEM (n=4-6). (b) Betaine uptake in the
absence (filled bar) or presence (hatched bars) of a number of
amino acids of varying side-chain length (all 10 mM). Results are
expressed as % maximum (after subtraction of the non-hPAT1
mediated component) and are mean+SEM (n=9-11). (c) Betaine
uptake in the absence (filled bar) or presence (hatched bars) of a
number of N-methylated glycines (all 10 mM). Results are expressed
as % maximum (after subtraction of the non-hPAT1 mediated
component) and are mean +SEM (n =9-11).

norvaline or norleucine to the incubation medium (Figure
6(b)). In addition, all three N-methylated glycines were able
to inhibit betaine uptake significantly, as shown by the
reduction to 29.0+3.1%, 54.1+3.3% and 44.94+4.5% of
control betaine uptake following addition of 10 mM sarcosine,
N,N-dimethylglycine or betaine, respectively (Figure 6(c)).

Discussion

Proton-dependent amino acid transport systems in epithelial
cells participate in the intestinal absorption and renal
reabsorption of small neutral amino acids (Rajendran et al.
1987, Roigaard-Petersen et al. 1987, Jessen et al. 1988,
1989, 1991, Thwaites et al. 1993a,b, 1994, 1995a,b,c, 2000,
Wunz and Wright 1993, Thwaites and Stevens 1999, Boll et
al. 2002). Based on the phenotypical similarities of the PAT-
activity in epithelial cells and that of PAT1 and the presence
of PAT1 in the apical membrane, it was proposed that PAT1
is the gene encoding this transport activity. The PAT1-mRNA
is expressed in intestinal and renal tissues and apical
transport activity (as shown here in Caco-2 cells) resembles
in all features PAT1 activity and substrate specificity, as
determined in the oocyte test system. PAT1 discriminates its
substrates strictly by the size of the side chain and by the
charge separation distance within the backbone. Conse-
quently, only glycine and alanine of the proteinogenic
aliphatic amino acids are transported, as they fulfil the
requirements in side chain size restrictions. However, L-
proline has been shown to be transported by PAT1 too (Boll
et al. 2002), although its side chain is numerically longer than
that of L-a-aminobutyric acid that has essentially no affinity.
This is most likely due to the ring configuration with its
incorporated imino group, making the side chain less bulky
than in the aliphatic counterparts. The backbone length
restriction allows only f-Ala and GABA to be transported
with high affinity by PAT1 which, in the context of PAT1-
expression in neurons, addresses its putative role in the
clearance of neurotransmitters.

Interestingly, the PAT1 transporter does not show the
selectivity for L-amino acids that is observed for almost all
other amino acid transporters (Palacin et al. 1998). For
selected amino acids, e.g. serine and cysteine, the transport
currents as well as the apparent affinities are even higher
when the substrate is presented as a D-enantiomer. These
results are in good agreement with those reported very
recently by Chen et al. (2003), who determined the ICsg
values of different D-amino acids in human PAT1 transfected
HRPE cells. They showed that the D-enantiomers display the
same or a higher affinity to PAT1 than the corresponding L-
enantiomeric amino acid. The fact that the preferential
binding of either L- or D-enantiomers depends upon the
amino acid configuration demonstrates that stereoselectivity
and physicochemical characteristics are interrelated. The L-
configuration of a polar side chain, like in serine and cysteine,
may restrict the interaction of the side chain with a proposed
hydrophobic binding pocket within the transporter, and this
restriction is attenuated in the D-configuration. A second
explanation for the better interaction of the D-amino acids
with PAT1 might be that the D-configuration, in substrates in
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which the side chain is too bulky due to possession of more
than one CH,-unit prevents interaction with a size restrictive
binding pocket in the PAT1 transporter. The latter explana-
tion is favourable, since the order of the affinities determined
for the D-amino acids (D-Ala > D-Ser > D-Cys > D-z-ABA)
correlates well with the bulkiness of their side chain. This
leads to the assumption that the PAT1 transporter excludes
aliphatic amino acids, solely because of their size, accepting
amino acids with a more bulky side chain only when present
in the D-configuration. Of particular importance appears the
efficient transport of D-serine by PAT1. Orally administered
D-serine is used in pharmacological doses in the therapy of
psychiatric disorders, e.g. in schizophrenia (Wolosker et al.
1999, Javitt 2002). PAT1 might play here an important role in
the intestinal absorption of orally provided D-serine, due to its
localization in the apical membrane of intestinal epithelial
cells (Chen et al. 2003).

The methylation of both head groups in amino acid
substrates differentially alters affinity and transport capability.
Modifications of the carboxyl group are critical and markedly
reduce affinity. Methylation of the COO ™ group changes the
compound into a predominantly cationic state, whereas the
methylation of the amino group does not substantially alter
the ionization state (at pH 6.5). It has to be shown whether
the impaired interaction of O-methylated amino acids with
PAT1 is due to a sterical hindrance of the methyl group and/
or due to changes in the ionic state of the amino acid. A
pronounced selectivity for the zwitterionic form of substrates
has been observed for other transport system, such as the
peptide transporter PEPT1 (Doring et al. 1998) and the L-
type amino acid transporter LAT1 (Uchino et al. 2002).

In contrast to the methyl-substitution of the carboxyl group,
the attachment of various methyl-groups to the nitrogen of
the amino-group is well tolerated allowing efficient transport
of compounds such as sarcosine and betaine. The charge of
the amino group is not, per se, influenced by N-methylation.
All three N-methyl-substituted glycines are mainly present in
their zwitterionic form at pH 6.5 and the bulkiness of the N-
substituents does not impair transport function.

The demonstration of betaine/H*-symport (as shown
here) addresses another putative function of the PAT
systems, which is osmoregulation. Betaine is an highly
effective organic osmolyte in a huge variety of biological
systems and in various cell types. Moreover, it is shown here,
for the first time, that betaine uptake across the apical
membrane of Caco-2 cell monolayers is mediated by the
PAT system and is saturable with an apparent affinity of ~
6.5 mM. Thus, PAT1 may play a role in absorption of dietary
betaine in the intestine.

This is the first detailed analysis of the substrate recogni-
tion criteria for a carrier of the mammalian AAAP family and
may also apply to other members of the different subfamilies.
Based on the data, it is proposed that the substrate
recognition site of the PAT1-transporter involves at least
three domains that participate in substrate binding: one for
the binding of the negatively charged carboxyl group (P1),
another (P2) for the binding of the positively charged amino
group and a third one (P3) that discriminates substrates
based on size of the side chain. As given in the model of the
binding pockets, together with L-alanine as a model sub-

strate (Figure 7), the intra-molecular distance between
pocket P1 and P3 is more restricted than that between
pocket P1 and P2. In the L-configuration, a maximum of one
CH,-unit is accepted in the amino acid side chain, whereas in
the D-configuration an additional hydroxyl- or SH-group is
accepted. The P2 binding pocket of the transporter seems to
be the most tolerant site, since a three-fold methylation of the
amino group is accepted, as in betaine. These results may
also be relevant in search of new pharmacologically relevant
agonists or antagonists of the inhibitory neurotransmitters
glycine or GABA to obtain orally available drugs utilising
PAT1 as a delivery system.

Experimental procedures
Materials

Female X. laevis oocytes were purchased from Nasco (Fort
Atkinson, WI). Amino acids and related compounds were obtained
from Sigma-Aldrich (Deisenhofen, Germany) or Merck (Darmstadt,
Germany) in pa quality. In the case of -amino butyric acid, only a
preparation containing D- and L-enatiomers was available.
[3-°H]Glycine, specific activity 56.4 Ci/mmol, was purchased from
ICN (Irvine, CA, USA); [1-"C]N,N,N-Trimethylglycine (betaine)
(specific activity 55 mCi/mmol) was from American Radiolabelled
Chemicals Inc. (St. Louis, MO, USA). Cell culture media, FCS and
supplements were from Sigma-Aldrich (Deisenhofen, Germany).

p3 | 4

L-form

D-form
(+ -OH, -SH group)

unit

P2 ) P1
<2 CH,-units

Figure 7. Proposed model for the substrate-binding site of PAT1.
The proposed mechanisms of substrate recognition are shown
schematically for PAT1 and L-alanine as a model substrate. The
binding site of PAT1 is proposed to be composed of three sites: two
for the binding of the positively charged amino group (P1) and the
negatively charged carboxyl group (P2) (indicated by + and —
symbols at the transporter site) and the third for the interaction with
the substrate amino acid side chains (P3). The P3 binding site of
PAT1 is proposed to accept only moieties with a length of not more
than 1 CHa-unit of L-enantiomers, whereas in D-enantiomers
additional hydroxyl and thiol groups are tolerated.
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Xenopus laevis oocytes handling and cRNA injection

Oocyte handling and cRNA injection has been described in detail
previously (Boll et al. 1994). Briefly, oocytes were treated with
collagenase A (Roche Diagnostics) for 1.5-2 h at room temperature
in Ca®*-free ORIl solution (82.5 mM NaCl, 2 mM KCI, 1 mM MgCl,
and 10 mM HEPES, pH 7.5) to remove follicular cells. After sorting,
healthy oocytes of stage V and VI were kept at 18°C in modified
Barth solution containing 88 mM NaCl, 1 mM KCI, 0.8 mM MgSQy,,
0.4 mM CaCl,, 0.3 mM Ca(NO3),, 2.4 mM NaHCO; and 10 mM
HEPES (pH 7.5). The next day oocytes were injected with 27 nl
sterile water (control) or 27 nl murine PAT1 cRNA (10 ng cRNA/
oocyte). The oocytes were kept in modified Barth solution at 18°C
until further use (3-5 days after injection).

Amino acid uptake in Xenopus laevis oocytes

Eight oocytes (water- or PAT1-cRNA-injected) per uptake experi-
ment were pre-incubated at room temperature for 2 min in Na* -free
standard uptake buffer (100 mM choline chloride, 2 mM KCI, 1 mM
MgCl,, 1 mM CaCl,, 10 mM MES pH 6.5). The buffer was then
replaced by the respective uptake buffer supplemented with 100 pM
glycine including 5 pCi/ml [*H]glycine in the absence (control) or
presence of 10 mM competitor. After 10 min of incubation, the
oocytes were washed three times with 3 ml of ice cold wash buffer
(uptake buffer containing 20 mM glycine) and distributed to individual
vials. After oocyte lysis in 10% SDS, radioactivity was counted by
liquid scintillation. Uptake values of water-injected control oocytes at
each condition were subtracted from those in PAT1-cRNA injected
oocytes. Data represent the mean +SEM of six-to-eight oocytes from
a representative uptake experiment out of three experiments with
three different batches of oocytes.

Two-electrode voltage clamp recordings

Two-electrode voltage clamp experiments were performed as
described previously (Boll et al. 1996). Briefly, the oocyte was
placed in an open chamber and continuously superfused with
incubation buffer (100 mM choline chloride, 2 mM KCI, 1 mM
MgCl,, 1 mM CaCl,, 10 mM MES, pH 6.5) in the absence or
presence of amino acids. Oocytes were voltage clamped at —60 mV
and current-voltage (I-V) relations were measured using short (100
ms) pulses separated by 200 ms pauses in the potential range —160
to +80 mV. |-V measurements were made immediately before and
20-30 s after substrate application when current flow reached
steady state. The current evoked by PAT1 at a given membrane
potential was calculated as the difference between the currents
measured in the presence and the absence of substrate. Kinetic
constants were derived from experiments employing five (for
substrates with a K, <25 mM) or four (for substrates with a K, >
25 mM) different amino acid concentrations in Na* -free buffer at pH
6.5 with five-to-seven individual oocytes from at least two different
oocyte batches for each substrate. Substrate-evoked currents were
transformed according to Eadie-Hofstee and after linear regression
the apparent K, values were derived.

Intracellular pH recordings in Xenopus laevis oocytes

The pH microelectrodes were made from borosilicate capillaries
pulled to ~10 puM tip diameter. Electrodes were silanized as
described previously (Kottra et al. 2002) and the tip was filled with
Fluka hydrogen ionophore | cocktail B (Sigma-Aldrich, Deisenhofen,
Germany) overnight. Electrodes were backfilled prior to use with a
solution containing 40 mM KH,PO,4, 23 mM NaOH, 15 mM NacCl, pH
7.0. The pH electrodes were connected to an FD223 amplifier (WPI,
Berlin, Germany). The reference channel of the amplifier was
connected to the voltage output signal of the TEC-05 amplifier.
The electrodes were calibrated using solutions with different pH and
only electrodes with a slope of >55 and <60 mV/pH unit and stable
calibration were used.

Cell culture

Caco-2 cells (passage number 99—100) were cultured as described
previously (Thwaites et al. 1995a). Cell monolayers were prepared
by seeding cells at high density (4.0-5.0 x 10° cells cm~2) on 12
mM diameter Transwell polycarbonate filters (Costar). Cell mono-
layers were maintained in culture at 37°C in a humidified atmosphere
of 5% CO, in air. Experiments were performed 12-14 days after
seeding and 18-24 h after feeding.

Amino acid uptake in Caco-2 cell monolayers

The cell monolayers were washed in 4 x 500 ml volumes of modified
Krebs’ solution (pH 7.4) of composition: 137 choline chloride, 5.4 mM
KCI, 0.99 mM MgSQO,, 0.34 mM KH,PO,4, 2.8 mM CaCl,, 10 mM
Glucose. Solution pH was adjusted at 37°C by addition of either 10
mM MES (pH 6.5) or 10 mM HEPES (pH 7.4) and TRIS base. In all
experiments, the apical solution was pH 6.5 and the basolateral
solution pH 7.4. [*C]Betaine (0.5 uCi mi—", 100 uM) uptake was
measured for 10 min (37°C) across the apical membrane of Caco-2
cell monolayers in the presence or absence of unlabelled betaine (0—
20 mM), 10 mM unlabelled amino acids or 30 mM f-alanine.
Mannitol was added to maintain isoosmolarity between experimental
solutions. At the end of the incubation period, the cell monolayers
were washed in 3 x 500 ml volumes of ice-cold modified Krebs’ (pH
7.4) (to remove any loosely associated radiolabel) and removed from
the insert. Data are expressed either as nmol cm~2 x 10min~" or
as% control (after subtraction of non-carrier-mediated uptake esti-
mated by uptake in the presence of 30 mM f-alanine). Results are
expressed as mean+SEM (n).
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The new member of the mammalian amino acid/auxin
permease family, PAT2, has been cloned recently and rep-
resents an electrogenic proton/amino acid symporter.
PAT2 and its paralog, PAT1/LLYAAT-1, are transporters for
small amino acids such as glycine, alanine, and proline.
Our immunodetection studies revealed that the PAT2
protein is expressed in spinal cord and brain. It is found
in neuronal cell bodies in the anterior horn in spinal cord
and in brain stem, cerebellum, hippocampus, hypothala-
mus, rhinencephalon, cerebral cortex, and olfactory bulb
in the brain. PAT2 is expressed in neurons positive for the
N-methyl-p-aspartate subtype glutamate receptor subunit
NR1. PAT2 is not found in lysosomes, unlike its paralog
PAT1, but is present in the endoplasmic reticulum and
recycling endosomes in neurons. PAT2 has a high exter-
nal proton affinity causing half-maximal transport activa-
tion already at a pH of 8.3, suggesting that its activity is
most likely not altered by physiological pH changes.
Transport of amino acids by PAT2 activity is dependent
on membrane potential and can occur bidirectionally;
membrane depolarization causes net glycine outward
currents. Our data suggest that PAT2 contributes to neu-
ronal transport and sequestration of amino acids such as
glycine, alanine, and/or proline, whereby the transport
direction is dependent on the sum of the driving forces
such as substrate concentration, pH gradient, and mem-
brane potential.

The amino acid/auxin permease (AAAP)! family is one of the
largest families of amino acid transporters identified so far,
with members found in virtually all eukaryotic organisms (1—
3). Hitherto, three different subfamilies of the AAAP transport-
ers have been identified in mammals as represented by the
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following: (a) the vesicular GABA transporter (VGAT) (4, 5); (b)
the system A/N subfamily (6-10); and (c¢) the recently described
proton/amino acid transporter (PAT) subfamily (11, 12). Al-
though there is no pronounced sequence similarity among the
AAAP transporters, they all recognize certain amino acids or
closely related compounds and are highly sensitive to alter-
ations in intracellular or extracellular proton concentrations.

The first mammalian AAAP transporter identified was the
vesicular GABA transporter VGAT, also designated the vesic-
ular inhibitory amino acid transporter (VIAAT). VGAT medi-
ates the transport of the two inhibitory neurotransmitters,
GABA and glycine, and appears to be expressed solely in the
brain. As a neurotransmitter/proton antiporter (4, 5), it plays a
crucial role in glycinergic and GABAergic transmission by ac-
cumulation of glycine and GABA in secretory vesicles in pre-
synaptic nerve terminals.

The second subfamily comprises three different types of sys-
tem A transporters (SAT1-3/ATA1-3) and two types of system
N transporters (SN1 and SN2) (6-10, 13). Both classes play
important roles in the homeostasis of various neutral amino
acids in different tissues. Particularly in the brain system, A
and N transporters possess a central role in the glutamate-
glutamine cycle between astrocytes and neurons involved in
recycling glutamate for its role in neurotransmission (14). Both
systems are Na*'-dependent co-transporters but differ with
respect to the role of protons in the transport process. System
N mediates H" efflux during Na"-dependent amino acid influx
(9), whereas system A members do not translocate protons,
although their activity is markedly affected by the extracellu-
lar proton concentration (15).

The third mammalian AAAP subfamily is represented by the
PAT1 to PAT4 proteins that were cloned recently (3, 11, 12).
PAT3 and PAT4 are orphan transporters, whereas PAT1 (also
designated as LYAAT1) and PAT2 are characterized as elec-
trogenic amino acid/proton co-transporters with a high selec-
tivity for amino acids with apolar and small side chains (3, 16).
PAT1 was shown to transport glycine, L-alanine, and L-proline
as well as GABA and p-serine (11, 12, 17-19). It is present in
almost all tissues analyzed and shows high expression levels in
brain, small intestine, kidney, and colon. In brain, PAT1 is
mainly found in lysosomes in neurons, where it is involved in
proton-driven export of amino acids from lysosomal protein
breakdown (11). To some extent, PAT1 is also found in the
plasma membrane (19).

Here we report that, like the other mammalian members of
the AAAP family, PAT2 is well expressed in the central nerv-
ous system and is found predominantly in recycling endosomes
and in the endoplasmic reticulum in neurons. Furthermore, we

This paper is available on line at http://www.jbc.org
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demonstrate that transport activity of PAT2 is dependent on
external pH and membrane potential and that the protein has
the ability to transport in the reverse mode.

EXPERIMENTAL PROCEDURES

RNA Isolation and RT-PCR—Total RNA from different mouse brain
regions (olfactory bulb, cortex, thalamus, cerebellum, and brain stem)
and spinal cord was isolated with RNAwiz (Ambion), following the
supplier’s protocol. 5 ug of total RNA were reverse transcribed by using
oligo(dT) as primer and the Retroscript kit (Ambion). 2 pl of each RT
reaction were subjected to PCR reactions with the following primer
pairs: 1) PAT2-F1 (5'-ATG TCT GTG ACC AAG AGT GCC-3’) and
PAT2-B546 (5'-GCA GCT GAT GGT TGT GCT GTT-3'); and 2)
GAPDH-F (5'-GAC CAC AGT CCA TGA CAT CAC T-3’) and GAPDH-B
(5'-TCC ACC ACC CTG TTG CTG TAG-3'). PCR conditions were 94 °C
for 1 min and 30 X (94 °C for 30 s, 58 °C for 30 s, and 72 °C for 45 s).

Anti-PAT2 Antibody Production and Western Blot—A polyclonal an-
tibody raised against the peptide CLDLIKSGNSPAL (amino acid resi-
dues 457—-469 of the mouse PAT2 protein, GenBank™ accession num-
ber AAM80481) with the N-terminal cysteine coupled to keyhole limpet
hemocyanin was produced in rabbit (Davids Biotechnologie). The anti-
body was affinity-purified on the peptide linked to Affi-Gel.

For Western blot analysis, 50 ug of crude protein prepared from
mouse brain was separated by 10% SDS-PAGE followed by transfer
onto a polyvinylidene difluoride membrane by using a semi-dry blotter
(Bio-Rad). After blocking, the blot was immunostained with the anti-
PAT2 antibody diluted 1:500 or the pre-absorbed antibody with the
corresponding antigenic peptide. After washing with TBS, the blots
were incubated with a horseradish peroxidase-conjugated anti-rabbit
IgG antibody (1:1000; Dianova) and detected by 3-amino-9-ethyl-carba-
zole staining.

Heterologous Expression of PAT2 in Xenopus laevis Oocytes—Qocytes
were handled as described previously (12), and either 25 nl (25 ng) of
the mouse PAT2-cRNA or 25 nl of water (control) were injected into
individual cells. Transport studies were performed 3 days after injec-
tion, as described previously (12). The two-electrode voltage clamp
(TEVC) experiments were performed as reported (20). Briefly, steady
state current-voltage (I-V) relationships were measured in incubation
buffer (100 mMm choline chloride or sodium chloride, 2 mm KCI, 1 mm
MgCl,, 1 mMm CaCl,, and 10 mM Tris at pH 7.5-9) in the absence or
presence of glycine. Oocytes were clamped at —60 mV, and I-V relations
were measured using short (100 ms) pulses separated by 200-ms pauses
in the potential range of —160 to 80 mV. All values are expressed as
mean = S.E.

Giant patch clamp experiments were performed as described previ-
ously (20) with patch pipettes filled with 10 mm NaCl, 80 mM sodium
isethionate, 1 mm MgSO,, 1 mm Ca(NO,),, and 10 mm HEPES (pH 7.5)
and an incubation buffer comprised of 100 mM potassium aspartate, 20
mM KCl, 4 mm MgCl,, 2 mmM EGTA, and 10 mm HEPES (pH 7.5)
containing nothing or 20 mMm glycine on the patch cytosolic surface.
During perfusion, the membrane potential was clamped to —30 mV,
and I-V relations in the potential range of —80 to 60 mV were measured
in the same way as described for TEVC. For immunolocalization in
oocytes, cells injected with the PAT2-cRNA were initially checked for
expression of the transporter by measuring positive inward currents
induced by 20 mMm glycine using the TEVC method. Oocytes were then
fixed in 4% paraformaldehyde for 15 min at room temperature and
processed for embedment in paraffin wax. Deparaffinized sections (10
pm) were used for immunofluorescence analysis.

Immunodetection Studies—Immunohistochemistry and immunoflu-
orescence detection of PAT2 were performed on deparaffinized brain or
spinal cord sections from adult mouse transcardially perfused for 15
min with 4% paraformaldehyde in buffer 1 (100 mM sucrose, 100 mm
NaCl, and 10 mm HEPES, pH 7.4) and washed for 5 min with buffer 1.
Tissues were processed for embedding in paraffin wax. Antigen re-
trieval was carried out by incubating the slices in citrate buffer (pH 6)
in a microwave oven. For immunohistochemistry, 5-um sections were
blocked for 20 min with 3% goat serum in TBS and incubated overnight
with the affinity-purified anti-PAT2 antibody diluted 1:100. On the
following day, sections were rinsed with TBS and incubated for 30 min
with biotinylated goat anti-rabbit immunoglobulins (1:800; Dako),
rinsed with TBS, and incubated for 30 min with peroxidase-conjugated
streptavidin (1:300; Dako). After washing with TBS, the sections were
stained for 5—~10 min with DAB peroxidase substrate (Sigma). Control
incubations in parallel sections were carried out by pre-absorption of
the primary antibody with the corresponding antigenic peptide. For
immunofluorescence analysis, 10-um sections were blocked for 20 min
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Fic. 1. Detection of PAT2 mRNA and protein in mouse brain
and determination of anti-PAT2 antibody specificity. A, the RT-
PCR analysis was performed with 5 ug of total RNA extracted from the
different brain regions indicated and water as a negative control. In the
PCR reaction, PAT2-cDNA-specific primers were used to detect mRNA
(top). The expected size of the product was 546 bp. As a control for RNA
integrity, the GAPDH PCR product was amplified (bottom; expected
size, 453 bp). B, the Western blot analysis was performed with a crude
protein preparation isolated from murine brain and incubated with an
anti-PAT2 antibody (left) or the antibody pre-absorbed with the anti-
genic peptide (right). C-H, for determination of anti-PAT2 antibody
specificity, immunofluorescence studies were performed with 10-um
slices of X. laevis oocytes injected with PAT2-cRNA (C) or X. laevis
oocytes injected with water (E) and incubated with the anti-PAT2
antibody. An additional control was performed by incubating 10-pum
slices of X. laevis oocytes injected with PAT2-cRNA with the pre-ab-
sorbed anti-PAT2 antibody (E). D, F, and H are phase-contrast micro-
graphs of C, E, and G, respectively. Scale bar in H applies to C-H.

with 3% goat serum and incubated overnight with the affinity-purified
anti-PAT2 antibody diluted 1:100 or the affinity-purified anti-LYAAT-1
(1:500; kindly provided by B. Giros, INSERM U513, Créteil, France).
Colocalization analysis was performed with 10-um sections incubated
overnight with the affinity-purified anti-PAT2 antibody diluted 1:100
and mouse anti-BiP/GRP78, mouse anti-GM130, mouse anti-Rab4,
mouse anti-EEA1 (all diluted 1:50; BD Transduction Laboratories),
goat anti-NR1, goat anti-gephyrin, goat anti-GAD65/67 (all diluted
1:25; Santa Cruz Biotechnology), or goat anti-GLYT2 (1:250; Chemi-
con). Slices were rinsed with TBS and incubated for 30 min with the
following: (a) Cy3-conjugated donkey anti-rabbit IgG (1:800; Dianova)
and Alexa Fluor 633 goat anti-mouse IgG (1:1000; Molecular Probes); or
(b) Cyb-conjugated donkey anti-rabbit IgG (1:500; Dianova) and Alexa
Fluor 488-conjugated donkey anti-goat IgG (1:500; Molecular Probes).
Slices were rinsed with TBS and viewed using a confocal laser-scanning
microscope (model TCS SP2; Leica Microsystems). Colocalization anal-
ysis was performed with a Multicolor software package (Leica Micro-
systems). All images were generated with Adobe Photoshop 7.0
(Adobe Systems).

RESULTS

A BLAST analysis of the murine PAT2 cDNA sequence with
the expressed sequence tag (EST) data base revealed the pres-
ence of PAT2-EST clones obtained from the nervous system.
Because in our previous report we could not detect the
PAT2-mRNA in brain by using Northern blot analysis (12), we
here applied RT-PCR analysis and show that the PAT2 mRNA
was detectable in all nervous system regions analyzed. As
shown in Fig. 14, a 546-bp fragment was amplified from olfac-
tory bulb, cortex, thalamus, cerebellum, brain stem, and spinal
cord. The presence of the PAT2 protein in the brain was con-
firmed by using an anti-PAT2 antibody raised against 13 amino
acids of the C-terminal sequence of the PAT2 protein. Western
blot analysis using this antibody revealed the PAT2 protein to
be present in the brain with an apparent molecular mass of 55
kDa (Fig. 1B). The specificity of the antibody was demonstrated
by immunofluorescence studies in X. laevis oocytes after ex-
pression of PAT2 (Fig. 1, C-H) with water-injected oocytes as a
negative control. Only in membranes of oocytes expressing
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Fic. 2. Immunohistochemistry in
cross-sections of the spinal cord
(A-C) and parasagittal sections of the
mouse brain with an anti-PAT2 anti-
body (D-I). Images A-C are in spinal
cord. A, image of PAT2 immunoreactivity
in spinal cord. gm, gray matter; wm,
white matter. B, incubation with the an-
tibody pre-absorbed with the antigenic
peptide in an adjacent section. C, high
power magnification of the ventral horn
shows the presence of PAT2 in motoneu-
rons and interneurons. Images D-I are in
brain. D, image of PAT2 immunoreactiv-
ity in the whole brain. Ob, olfactory bulb;
Cx, cerebral cortex; Hc, hippocampus; Cb,
cerebellum; Bs, brain stem; Rh, rhinen-
cephalon. E, pre-absorption of the anti-
PAT2 antibody with the antigenic peptide
showed no significant immunoreactivity
on an adjacent section. High power mag-
nifications of olfactory bulb (F), cerebral
cortex (G), and brain stem (H) are shown.
In all regions, pre-absorption of the anti-
PAT2 antibody with the antigenic peptide
abolished the immunoreactivity on an ad-
jacent section, as shown in panel I for
brain stem. Scale bars in B, C, E, and I
apply to A and B, C, D-E, and F-I,
respectively.

PAT?2, a fluorescence signal was detected (Fig. 1C) that was
blocked when the anti-PAT2 antibody was pre-absorbed with
the antigenic peptide (Fig. 1G).

Immunolocalization of PAT2 in the Nervous System—Immu-
nodetection studies revealed that the PAT2 protein is ex-
pressed in spinal cord and brain. As shown in Fig. 24, in spinal
cord, PAT2 is highly expressed in the gray matter and is not
detectable in the white matter. The signals were abolished in
an adjacent section by incubation with the antibody pre-ab-
sorbed with the antigenic peptide (Fig. 2B). In the anterior
horn, PAT2 is present in motoneurons and interneurons (Fig.
2(C) and in interneurons of the posterior horn (data not shown).
In brain, PAT2 is found in various regions, with prominent
expression in brain stem, cerebellum, hippocampus, hypothal-
amus, rhinencephalon, cerebral cortex, and olfactory bulb (Fig.
2D). In an adjacent section, signals were abolished by incuba-
tion of slices with the antibody pre-absorbed with the antigenic
peptide (Fig. 2E). Colocalization studies using the glia marker
GFAP (glial fibrillary acidic protein) showed that the PAT2
protein is solely detectable in neurons and not in astrocytes
(data not shown). High power magnification demonstrates the
expression of PAT2 in neurons of the mitral cell layer and
interneurons in the olfactory bulb (Fig. 2F) as well as in neu-
rons of the cerebral cortex (Fig. 2G) and large neurons in
brainstem (Fig. 2H).

Cell-specific Expression of the PAT2 Protein—PAT2 is ex-
pressed in “NMDAergic” neurons in different regions of the
central nervous system (Fig. 3A). PAT2 immunoreactivity is
found in cells expressing the NMDA receptor subunit NR1,
such as motoneurons and interneurons in the spinal cord and
brainstem, Purkinje cells in the cerebellar cortex, neurons in
the dentate gyrus, the CAl and CA3 regions of the hippocam-
pus, and neurons in different layers of the cerebral cortex (Fig.
3A). Moreover, a subset of neurons in the molecular layers of
the hippocampal formation and the molecular and granular
layers of the cerebellum show both NR1 and PAT2 immunore-
activity (Fig. 3, A and B). NR1 and PAT2 showed very similar
staining intensities along the neuronal cell bodies; e.g. pyram-
idal cells of the hippocampal CAS3 region stained stronger than
the granule cells of the CA1 region. At higher magnification, a

Proton/Amino Acid Cotransporter PAT2 in Neurons

partial subcellular colocalization of both proteins becomes evi-
dent (Fig. 3B). This subcellular colocalization is probably due to
the expression of both proteins in the endoplasmic reticulum,
as shown for PAT2 (see Fig. 4B) and previously for the NR1
subunit (27). No clear correlation of expression pattern was
observed between PAT2 and the glycinergic marker protein
GLYT2 (glycine transporter 2), the glycine-and-GABAergic
marker gephyrin, and the GABAergic marker glutamate decar-
boxylase GAD65/67 (Fig. 3B). Whereas PAT2 is expressed at
higher levels in Purkinje cells of the cerebellum, the glycine
and GABAergic markers displayed higher expression levels in
the molecular and/or granular layer. Such differential expres-
sion patterns in the colocalization of PAT2 with proteins of the
glycine and GABAergic systems were also observed in other
regions of the brain (data not shown), suggesting that PAT2
plays no role in the inhibitory glycine and GABAergic system.
The missing correlation with the GABAergic system is not
surprising, because GABA displays only a very low affinity to
PAT2 (12).

Subcellular Localization of PAT2 in Neurons—We have
shown previously that PAT2, unlike its paralog PAT1, is not
detected in lysosomes and possesses a different subcellular
distribution after expression in HeLa cells (12). As shown in
Fig. 4A, in neurons of the brainstem, PAT?2 is found mainly in
the somata, predominantly in the cytoplasma and probably
also partially in the plasma membrane. Its distribution, there-
fore, differs from the distribution pattern observed for PAT1.
Colocalization studies using antibodies against different intra-
cellular marker proteins in cross-sections of spinal cord were
carried out for determining the subcellular compartments in
which PAT?2 is localized. Various regions of the nervous system
have been examined, and in all cases the PAT2 protein did not
colocalize with the Golgi marker protein GM130 or the early
endosome marker protein EAA1 (Fig. 4B). On the other hand,
it partly colocalized with the endoplasmic reticulum marker
protein BiP/GRP78 and the early and recycling endosome
marker protein Rab4. Quantification of PAT2 immunoreactive
puncta indicated ~34 * 3% (n = 12) and ~31 = 3% (n = 15)
colocalized with the endoplasmic reticulum marker protein and
the recycling endosome marker protein, respectively. There-
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brain stem

B Gephyrin GADGS/67

cerebellum

Fic. 3. Cell-specific expression of PAT2. A, confocal, laser-scan-
ning, double immunofluorescence microscopy in parasagittal sections of
different regions of the central nervous system with anti-PAT2 antibody
(red) and anti-NR1 (green) antibody. The superimposed images are
depicted on the right. B, higher resolution of double staining with
anti-PAT2 (red) and anti-NR1, anti-GLYT2, anti-Gephyrin, or anti-
GADG65/67 (green) antibodies. Colocalization appears in the superim-
posed images as yellow. gm, gray matter; wm, white matter; AH, ante-
rior horn of spinal cord; gl, glomerular layer; ml, molecular layer; Pcl,
Purkinje cell layer of cerebellum; DG, dentate gyrus, CA1, CAl region;
CA3, CA3 region of hippocampus; I, neuronal layer I of the cerebral
cortex. Scale bars represent 80 um (A) and 10 pm (B).

fore, PAT2 is found in endoplasmic reticulum and recycling
endosomes, whereas the remaining fraction is localized in other
compartments, including the cell membrane.

Functional Analysis of PAT2—Whereas in our previous re-
port we demonstrated that PAT1 and PAT2 activities are gen-
erally dependent on extracellular pH and membrane potential
(12), here we analyzed in more detail the kinetics of glycine
transport (Fig. 5). Applying the TEVC technique in oocytes
expressing PAT2, the glycine/H" symport at saturating (10
mM) external glycine concentrations induced positive inward
currents that increased by decreasing external pH from 9 to 7.5
(Fig. 5A). A further reduction of pH from 7.5 to 5.5 did not
further enhance glycine currents (data not shown), and no
current responses were observed in the water-injected oocytes.
As shown in Fig. 5B, PAT2-mediated inward currents followed
Michaelis-Menten kinetics when plotted as a function of appar-
ent external proton concentration. The corresponding Eadie-
Hofstee transformation (Fig. 5C) revealed an apparent half-
maximal proton activation constant of 4.7 + 0.2 nMmand an [,
of 462 = 12 nA. From this data it can be concluded that the
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A PAT2

LYAAT-1

Fic. 4. Subcellular localization of PAT2 in neurons. A, immu-
nofluorescence analysis with an anti-PAT2 (left) or an anti-LYAAT-1/
PAT1 (right) antibody in adjacent brain stem slices. B, confocal, laser-
scanning, double immunofluorescence microscopy in spinal cord cross-
sections with anti-PAT2 antibody and antibodies against subcellular
markers. PAT2 immunoreactivity is shown in red, and the marker
immunoreactivity in green. The superimposed images are depicted on
the right. BiP, endoplasmic reticulum marker; GM130, cis-Golgi mark-
er; Rab4, early/recycling endosome marker; EEAI, early endosome
marker.

external pH necessary for a half-maximal transport activation
at a membrane potential of —60 mV is 8.3, suggesting that, at
a physiological pH of 7.3 or in a more acidic environment, PAT2
operates already with a maximal transport rate.

Alterations in membrane potential play an important role in
the brain in the regulation of membrane protein functions.
Here we demonstrate that PAT2-mediated glycine currents are
significantly altered by changes in the membrane potential
(Fig. 5D). A hyperpolarization of the membrane increases in-
ward currents, and voltage effects are more pronounced at
higher glycine concentrations. Moreover, at low glycine concen-
trations (0.1 mM) a depolarization of the membrane induces
outward currents represented by a reversed transport mode.

PAT2 Is Capable for Bidirectional Transport of Amino Ac-
tds—To characterize the capability of PAT2 for glycine efflux,
we employed the giant patch clamp technique with membrane
patches obtained from oocytes expressing PAT2. Positive out-
ward currents were induced by 20 mm glycine (Fig. 64) and
showed pronounced voltage dependence. No comparable cur-
rents were obtained in water-injected oocytes (data not shown).
The glycine-induced outward currents followed Michaelis-Men-
ten kinetics as a function of substrate concentration (Fig. 6B),
and the transformation of substrate-evoked currents according
to Eadie-Hofstee revealed an apparent affinity (K,,) of glycine
outward transport of 8.5 = 0.5 mm at a membrane potential of
—30 mV. Therefore, PAT2 can transport glycine bidirectionally
with the direction of transport determined by membrane po-
tential and/or the substrate/proton gradients.

Sarcosine Inhibition of Glycine Transport—Sarcosine is a
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Fic. 5. pH and membrane potential dependence of PAT2 activity. A, oocytes injected with PAT2-cRNA or water clamped at —40 mV were
perfused with incubation buffers adjusted to different pH rankings from 9 to 7.5 in the presence of 10 mMm glycine. B, saturation kinetics of mediated
currents by 10 mM glycine in the function of proton concentration (n = 9 oocytes) and the corresponding Eadie-Hofstee transformation (C). D, I-V
relationship of glycine-evoked inward currents (n = 4 oocytes) at pH 6.5 and two different glycine concentrations, 0.1 and 1 mM.

A
3
L=
3
T T T T T T T T
-80 -60 40 -20 0 20 40 60 80
membrane potential (mV)
B
1004
E 804
-E 604 1:
S 40- Zo
3 40 g,
- ]
“ 204 o
] " 50 7.5 100 125 150
e e T
0 5 10 15 20
[Gly] (mM)

Fic. 6. Characteristics of the PAT2 outward transport mode
using the inside-out giant patch clamp technique. A, I-V relation-
ship of glycine-evoked outwards currents (20 mm) at pH 7.5 (n = 4
oocytes). B, saturation kinetics of outward currents as a function of
substrate concentrations and the corresponding Eadie-Hofstee trans-
formation (inset).

known selective inhibitor of glycine transport in the brain (21,
22) and inhibits glycine influx mediated by the glycine trans-
porter GLYT1 but not by the GLYT2 transporter. Here we

demonstrate that sarcosine is likewise able to inhibit glycine
uptake mediated by PAT2. Flux studies performed with radio-
labeled glycine in oocytes expressing PAT2 demonstrate that
the uptake can be reduced by 10 mm sarcosine to almost the
same extent as that obtained by 10 mm glycine as a competitor
(Fig. 7A). In water-injected oocytes, no detectable uptake or
inhibition was observed. Additionally, by using the TEVC tech-
nique we demonstrate that sarcosine induces inward currents
that display saturation kinetics as a function of sarcosine con-
centration. The Eadie-Hofstee transformation of the substrate-
evoked currents as a function of sarcosine concentration re-
vealed an apparent K, of 208 * 2 umand an [, ,, 0of 130 = 4 nA
(Fig. 7B).

DISCUSSION

All members of the mammalian subfamilies of the amino
acid/auxin permease family are expressed in the nervous sys-
tem, where they fulfill different physiological roles. Immunolo-
calization studies indicated the presence of VGAT in glyciner-
gic, GABAergic, and mixed glycine and GABAergic synapses (4,
23). VGAT is responsible for the accumulation of the inhibitory
neurotransmitters GABA and glycine in vesicles in presynaptic
neurons. In the nervous system, the members of the system
N/A subfamily show different cellular and subcellular expres-
sion patterns and are central for neurotransmission (14, 24, 25)
by their role in the glutamate-glutamine cycle (14). SN1 is
mainly responsible for the efflux of glutamine from the astro-
cytes, and the system A transporters 2 or 1 are responsible for
its uptake into the neurons where it is converted to glutamate,
allowing the recovery of glutamate to the presynaptic neurons.
The proton/amino acid co-transporters PAT1 and PAT2 are
present as well in the nervous system. PAT1 has been reported
to be present in neurons of the hippocampus, cerebral cortex,
cerebellum, and the thalamic and pontine nuclei (11, 19) with
a more detailed cellular analysis reported recently (26). We
demonstrate here by RT-PCR that the PAT2-mRNA is found in
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Fic. 7. Sarcosine (Sar) inhibits PAT2-mediated glycine trans-
port. A, water and PAT2-cRNA-injected oocytes (n = 8) were incubated
with 100 pum *H-glycine in the presence or absence of 10 mM sarcosine or
10 mMm glycine. B, saturation kinetics of inward currents as a function of
sarcosine concentrations at pH 6.5 and held at a membrane potential of
—60 mV (n = 5 oocytes), and the corresponding Eadie-Hofstee plot
(inset).

all brain regions analyzed. The PAT2 protein was identified
with an apparent molecular mass of 55 kDa and localized by
immunodetection studies in spinal cord, brain stem, cerebel-
lum, hippocampus, hypothalamus, rhinencephalon, cerebral
cortex, and the olfactory bulb. By colocalization with a glial
marker protein in various brain regions, PAT2 was exclusively
found in neurons similar to its orthologue PAT1.

It has been shown that PAT1 is expressed particularly in
regions rich in glutamatergic neurons (11, 19, 26). Here, we
show that the cell-specific expression pattern of PAT2 strongly
resembles that of the NMDA receptor subunit NR1 (27, 28).
The NR1 subunit forms, together with the different NR2 or
NR3 subunits, the hetero-oligomeric NMDA subtype of iono-
tropic glutamate receptors. They serve critical functions in
several processes in the central nervous system, including neu-
ronal development, plasticity, and neurodegeneration (29).Re-
ceptor activation usually requires the two agonists glutamate
and glycine (30). However, recently it has been shown that
NMDA receptors comprised of the NR1 and NR3A/B subunits
require solely glycine for activation (31). The observed overlap-
ping cell type-specific expression pattern of PAT2 and NR1
suggests, but does not prove, a functional role of PAT2 in the
excitatory glycinergic neurotransmission.

Although the transport mode and the general distribution
pattern of the two PAT transporters are similar, there are
marked differences in their subcellular localization and func-
tional characteristics. PAT1 has broader substrate specificity
than PAT2 and can, in addition to small amino acids, also
transport GABA and other amino acid derivatives (11, 12, 17).
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PAT2, in contrast, is restricted to alanine, glycine, and proline,
but has much higher substrate affinities than PAT1 (um versus
mmM). PAT1 and PAT2 also differ in their subcellular localiza-
tion. PAT1 was shown to be localized in the lysosomes and, to
a small extent, in the plasma membrane of neurons (11, 19),
and a recent report demonstrated that PAT2 is not present in
lysosomes in teased fibers (32). When PAT2 is expressed in
HeLa cells, the protein is localized in the plasma membrane
and intracellular compartments but not in lysosomes (12). Here
we show that, within the cell, PAT2 is present in the endoplas-
mic reticulum and in recycling endosomes. PAT2, as a high
affinity/low capacity system, may therefore play a role in the
export of amino acids from the endosomes to the cytoplasm,
whereas PAT1, as the low affinity/high capacity system, may
serve for lysosomal export of amino acids derived from protein
breakdown. Both transporters act as rheogenic H™-coupled
symporters and, therefore, changes in the extracellular pH
alter their function. PAT1 activity is strongly pH-dependent,
and its maximal transport rate is reached at an external pH of
5.5—-6. Here we show that PAT2 operates with full activity at
physiological pH (=7.5), and its activity declines when external
pH becomes alkaline. Both transporters therefore show maxi-
mal transport rates at pH conditions characteristic for those in
recycling endosomes (around pH 6.7) and lysosomes (~5.5).

With its presence in recycling endosomes, PAT2 may also, on
occasion, reach the plasma membrane where it could serve as
an import or export system for glycine or the other amino acids.
Previous studies on the kinetics of glycine transport in the rat
central nervous system already suggest the existence of a low
and a high affinity transport system for glycine with apparent
K, values of ~800 and 26 uM, respectively (33). The two cloned
glycine transport systems, GLYT1 and GLYT2, are considered
to represent the molecular entities of the high affinity glycine
transport pathway (21, 22, 34-36), whereas the low affinity
glycine transport system, shown to be sodium independent
(37), is not yet known. By its apparent affinity of 590 + 4 um for
glycine (12), it may be speculated that PAT2 represents that
low affinity glycine transport mechanism. In addition, glycine
transport in brain is inhibited by sarcosine. Whereas the
GLYT1 transporter displays a IC;, value of around 100 uMm for
sarcosine inhibition of glycine influx and sarcosine transport
(38), PAT2 likewise transports sarcosine with an apparent
substrate of 208 um and shows glycine transport inhibition in
the presence of sarcosine. As demonstrated by heterologous
expression in oocytes, PAT2 activity is affected by membrane
potential, and hyperpolarization increases glycine-evoked cur-
rents. In inhibitory synapses, this could have a physiological
role by enhancing glycine transport via PAT2 after membrane
hyperpolarization induced by activation of the glycine receptor.
We also demonstrate another feature of PAT2, and this is its
ability for bidirectional glycine transport. A depolarization of
the plasma membrane results in an increased outward current
when glycine is provided on the cytosolic side. Although the
apparent affinity of glycine for binding to the internal sub-
strate binding domain is lower than that on the outside, a
glycine efflux via PAT2 could occur when intracellular glycine
concentrations rise. In glutamatergic neurons, the coactivation
of the NMDA receptors by glycine induces a depolarization of
the neuronal membrane that could initiate a reversed glycine
transport by PAT2. This non-vesicular release could then con-
tribute to a sustained glycine signal, as proposed for selected
synapses (39). This would be of importance for some glycinergic
nerve terminals that failed to show the presence of VGAT.
Transmembrane concentration gradients of its substrates and
membrane potential finally determine the direction and veloc-
ity of amino acid transport mediated by PAT2.
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In conclusion, PAT2 is present in the nervous system where it,
together with PAT1, may contribute to the handling of amino
acids such as glycine, alanine, and proline in the endosomal/
lysosomal system, but possibly also in the plasma membrane. At
present, we cannot answer the question of whether PAT2-medi-
ated transport of its specific amino acid substrates is of physio-
logical importance in the mammalian brain, but PAT2 is a can-
didate protein for a still missing low affinity-type glycine
transporter in the central nervous system. Together with GLYT1
and GLYT2, PAT2 could be responsible for the regulation of
intracellular and extracellular concentrations of glycine that
modulate glycine and glutamatergic neurotransmission.
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ABSTRACT

Recently, the PAT family of proton-dependent amino acid transporters has been identified as a
novel class of mammalian amino acid symporters. PAT1 and PAT2 members mediate
electrogenic uptake of small, neutral amino acids and derivatives by cotransport of protons.
Analysis of the structural requirements for substrate recognition by PATI identified that a free
amino group in a substrate is not essential for recognition. We therefore hypothesized that PATI
and its ortholog PAT2 may also be able to recognize and transport the homologous short-chain
fatty acids (SCFAs) such as acetate, propionate, and butyrate. We examined in Xenopus laevis
oocytes whether the SCFAs interact with the transporter by employing flux studies,
electrophysiology and intracellular pH recordings. SCFAs did not induce positive inward
currents but inhibited glycine-induced transport currents. PAT-mediated uptake of radiolabeled
proline was also dose-dependently reduced by SCFA and could be described by first order
competition kinetics with apparent K;-values for butyrate of 6.0 + 0.7 and 7.6 + 1.3 mM for
PATI1 and PAT2, respectively. Acetate as well as propionate uptake was significantly enhanced
in oocytes expressing PAT1 or PAT2. An electroneutral H'/SCFA symport mode was
demonstrated by recording intracellular pH changes under voltage clamp conditions with rate
constants for the initial intracellular acidification in the presence of SCFAs significantly
increased in PAT-expressing oocytes. In conclusion, our data demonstrate that the PAT1 and
PAT?2 proteins are capable to transport selected SCFAs in an electroneutral and the homologous
amino acids in an electrogenic mode and are therefore a paradigm for bifunctional solute
carriers.

Key words: Xenopus laevis oocytes « SCFA « proton symporter « ph-recording

proteins, which are distinguished primarily by substrate selectivity and ionic dependence
(1, 2). Beside numerous ion-independent amino acid transport systems that
predominantly operate as obligatory exchangers, rheogenic transporters are mainly sodium-
dependent symporters (3). Only very recently proton-driven amino acid transporter proteins have
been found in plasma membranes of specialized mammalian cells (4, 5). Although functionally

ﬁ mino acid transport across the plasma membrane is mediated by multiple transport
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described in apical plasma membranes of mammalian epithelial cells (6—10) and in the human
intestinal cell line Caco-2 (11-14), the molecular structure of the underlying protein entities was
not known.

By means of homology based cloning, a family of proton-dependent amino acid transporters,
designated as PAT1 and LYAAT (proton/amino acid transporter; lysosomal amino acid
transporter), was identified and characterized at the molecular level (15-18). The PAT family
comprises four members, PAT1 to PAT4, of which only the first two members, PAT1/LYAAT-1
and PAT2, have been shown experimentally to mediate proton-coupled symport of amino acids
with a high selectivity for amino acids with small and apolar side chains (19). PAT1 was shown
to transport glycine, L-alanine, and L-proline as well as D-serine and the neurotransmitter y-
aminobutyrate (GABA) (15, 17-20), whereas PAT2 recognizes in addition to small L-o-amino
acids also D-proline (15, 16, 21). Both transporters possess a 1:1 flux coupling stoichiometry for
proline transport. Substrate affinities range from around 2.8 to 7.5 mM (PATI1) and 0.1 to 0.7
mM (PAT2) for the same substrates (15, 22). The cloning of the human PAT1-cDNA from the
Caco-2 cell line and the immunolocalization of the PAT1-protein in the apical membrane of
Caco-2 cells proved that PAT1 represents the molecular entity of the described previously PAT
system (17). The murine isoform PATI is expressed in a variety of tissues and shows highest
expression levels in small intestine, kidney and in both proximal and distal colon (15, 17). PAT1
is also strongly expressed in brain and was found there in lysosomes and the plasma membrane
of neurons in several regions of the brain (18, 22, 23). The expression pattern of PAT2 differs
from that of PAT1. High expression levels are found in lung and heart; weaker signals are
detected in kidney, testis, and muscle (15). Immunodetection studies revealed that PAT2 is
expressed in spinal cord and brain where it is abundantly found in neuronal cell bodies of N-
methyl-D-aspartate receptor subunit NR1 positive neurons (21). Subcellular localization studies
revealed that the PAT2 protein is targeted to the plasma membrane of X. laevis oocytes, and with
the use of brain slices, it has been demonstrated that endogenous PAT2 localizes, at least in part,
to the plasma membrane of neurons (21).

We have recently analyzed the structural requirements in substrates in terms of variability of the
side chain, backbone length and the role of the terminal head groups for interaction with the
cloned murine PAT1-protein (20). A remarkable characteristic of PAT1 is the discrimination of
substrates by the size of the side chain and by the charge separation distance within the
backbone. In L-amino acids, a maximum of one CH,-unit in the side chain is accepted. Beside L-
a-amino acids, PATI also tolerates w-amino acids with a maximal distance of two CH,-units
between amino and carboxy group, represented by GABA as a high-affinity substrate of PATI.
Methylation of the carboxy group reduces transport capability whereas a methylation of the
amino group has only a minor effect on affinity and transport capacity (20). This mainly applies
also to PAT2. Therefore, a free amino group in a substrate is not essential for substrate
recognition by PAT1 and PAT2. We consequently asked whether PAT1 and/or PAT?2 are able to
recognize also short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate as
substrates. SCFAs are abundant organic anions and serve as energy substrates and particularly
the colonic mucosa utilizes them (24, 25). Moreover, butyrate is an important modulator of gene
expression and cell cycle control (26-29). We examined the interaction of SCFAs with the PAT1
and PAT2 proteins using flux studies, electrophysiology, and intracellular pH measurements in
X. laevis oocytes expressing either PAT1 or PAT2 and demonstrate a novel bifunctional
transport mode for these two symporters.
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METHODS
Materials

Female X. laevis frogs were purchased from Nasco (Fort Atkinson, WI). Amino acids and related
compounds were obtained from Sigma Chemie (Deisenhofen, Germany) or Merck (Darmstadt,
Germany) in p.a. quality. Tritium-labeled compounds ([3-’H]glycine, specific activity 56,4
Ci/mmol; L-[3,4-’H]proline, 40 Ci/mmol; [*H]acetate, 150 mCi/mmol; [1-"*C]propionic acid, 60
mCi/mmol) were purchased by ICN (Irvine, CA) or Biotrend (Cologne, Germany). Collagenase
A was obtained from Roche Molecular Biochemicals (Mannheim, Germany).

Amino acid and SCFA uptake experiments

X. laevis oocytes handling and cRNA injection have been described previously (15). Oocytes
were injected with 10 nl sterile water (control), 10 nl murine PAT1-cRNA (5 ng), 10 nl murine
PAT2-cRNA (20 ng), and 10 nl rabbit PEPT1-cRNA (15 ng), respectively. The oocytes were
kept in modified Barth solution (88 mM NaCl, 1 mM KCI, 0.8 mM MgSOy, 0.4 mM CaCl,, 0.3
mM Ca(NO3),, 2.4 mM NaHCOs, and 10 mM HEPES, pH 7.5) at 18°C until further use (3-5
days after injection).

Ten oocytes (water- or cRNA-injected) per uptake experiment were preincubated at room
temperature for 2 min in standard uptake buffer solution (100 mM sodium chloride, 2 mM KClI,
1 mM MgCl,, 1 mM CaCl,, 10 mM MESpH 5.5). The buffer solution was then replaced by the
respective uptake buffer solution supplemented with 100 uM amino acid or SCFA and the
corresponding L-[*H]amino acid or [*H]acetate or []4C]propionate as a tracer (10 pCi/ml). After
5 min (acetate and propionate uptake), or 10 min incubation (amino acid uptake) the oocytes
were washed three times with 3 ml of ice cold wash buffer solution (standard uptake buffer
solution) and distributed to individual vials. After oocyte lysis in 10% SDS, radioactivity was
counted by liquid scintillation. Kinetics of inhibition of amino acid uptake by SCFAs were
constructed from experiments employing six different inhibitor concentrations in standard uptake
buffer solution at pH 5.5 with 10 oocytes expressing mPAT1 or mPAT2 from at least two
different oocyte batches. The osmolarity in all buffer solutions was adjusted by replacement of
mannitol. PAT-specific uptake rates were obtained after subtraction of baseline uptake rates in
water-injected control oocytes.

Two electrode voltage clamp experiments

Two-electrode voltage clamp experiments were performed as described previously (30). Oocytes
were placed in an open chamber, voltage clamped at -40 mV, and continuously superfused with
standard perfusion buffer (100 mM sodium chloride, 2 mM KCI, I mM MgCl,, I mM CaCl,, 10
mM MES, or HEPES at pH 5.5) in the absence or presence of amino acids. Current traces were
recorded during voltage clamping and substrates were perfused at concentrations of 20 mM for
20 s. Kinetics of inhibition of amino acid induced currents by SCFAs were constructed from
experiments employing seven different concentrations in sodium-containing buffer solution at
pH 5.5 with eight individual oocytes expressing PAT1 from at least two different oocyte batches.
The osmolarity in all buffer solutions was adjusted by replacement of mannitol.
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Intracellular pH recordings in X. laevis oocytes

Intracellular pH recordings were performed as described previously (20). We only used pH
microelectrodes with slopes of 57-59 mV/pH unit and a very rapid response time. Initial
acidification rates in response to perfusion with different substrates were determined in the same
oocyte. Acidification was always linear in a time range of 10-30 s after substrate application and
the slope of the initial acidification was calculated by linear regression of the data obtained in
this time range. To exclude variations in acidification rates by different functional expression
levels of the PATI transporter in different oocytes, a complete set of substrates (acetate,
propionate, butyrate and glycine) was always measured in the same oocyte and only those
oocytes were chosen that showed similar glycine induced charge movements.

Calculations and statistics

All data are means = SE of at least two independent experiments with n = 8-10 oocytes per data
point. Significant differences in data were calculated using paired or unpaired two-tailed
Student’s t test or ANOVA (using the Bonferroni multiple comparisons post-test). Apparent K;-
values were determined from ICsy values based on competition curves and by the least—squares
method. All calculations were performed using Prism software (GraphPad, San Diego, CA).

RESULTS

Interaction of SCFAs with the substrate binding side of the proton/amino acid
cotransporters PAT1 and PAT2

Glycine, a prototype substrate of PAT1 evoked high inward currents in PATI1 expressing
oocytes, whereas neither the monoamine propylamine nor the monocarboxylate propionate
caused any inward currents at concentrations as high as 20 mM and at a pH of 5.5 (Fig. 1A).
Similar data were obtained in oocytes expressing PAT2 (not shown). Whereas transport currents
of 0.5 mM glycine also remained unaffected by coperfusion with 10 mM propylamine, 10 mM
propionate reduced glycine currents to 35.0 £ 4.7% of control values (Fig. 1B and C). Similar to
propionate, neither acetate nor butyrate alone did induce any measurable currents by PAT1 (Fig.
2A) or PAT2 (Fig. 2B). However, all three SCFAs reduced glycine currents by PAT1 when
provided in an 20-fold excess to 56.5 + 8.6% (acetate), 32.9 = 1.6 (propionate) or 21.2 £ 1.9%
(butyrate) as shown in Fig. 2C. Fatty acid induced inhibition on glycine currents was also
observed in the presence of pentanoate and hexanoate with 35.5 = 2.0%and 41.3 = 5.2% of
residual glycine currents, respectively. However, a further increase in the carbon chain length to
octanoic acid resulted in a weak inhibition (81.2+6.1%). When the PAT2 protein was expressed
in X. laevis oocytes, glycine (1 mM) elicited currents of 411 nA £ 30 nA and those were reduced
by 20 mM acetate to 23.1 = 1.6% and by propionate to 26.7 £ 4.0% of control values,
respectively. In contrast to those SCFA, neither lactate nor pyruvate reduced glycine currents;
they even increased slightly to 120.7 £ 7.5 and 114.7 £+ 4.6% of control values (Fig. 2C). This
finding strongly suggests that the introduction of a polar residue into the aliphatic chain in SCFA
prevents any interaction of the fatty acids with the transporters binding site whereas fatty acids
with a carbon chain length up to six carbons are effective competitors.
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Since the SCFA by pH-partition and nonionic diffusion of the nonionized species could cause a
decline in intracellular pH and in turn by reducing transmembrane ApH reduce the driving force
for proton-dependent glycine symport, we assessed whether the SCFA also modify transport of
the di- and tripeptide transporter PEPT1 protein that is also an electrogenic proton-dependent
symporter with similar transport characteristics. As shown in Fig. 2D, PEPT1-mediated dipeptide
currents at 1 mM substrate concentration were not affected significantly (P>0.05) by the addition
of 20 mM propionate with 87.8 = 11.9% (n=6) of current remaining when compared with the
control.

Inhibition studies with the tracer L-[3H]proline confirmed the inhibitory effect of SCFAs on
amino acid transport of PAT1 and PAT2. Acetate, propionate, butyrate, pentanoate and
hexanoate at concentrations of 20 mM, decreased PAT1 mediated uptake of radiolabeled proline
to 48 £ 6,47 £9,33 =7, 33.1 £ 5, and 48 £ 8% of control values, respectively. Octanoate
perfusion resulted in a weaker, but still significant (P<0.05), decrease in proline uptake to 69 +
8% of that in controls. In contrast, lactate and pyruvate did not influence uptake of L-proline
(Fig. 3A). PAT2-mediated L-proline influx was similarly reduced by acetate, propionate, and
butyrate to 37.8 + 2.7, 40.0 £ 4.5, and 26.0 £ 2.5% of control uptake (Fig. 3B). To demonstrate
that the SCFAs inhibit in a concentration dependent manner, we determined the kinetics of L-
[*H]proline uptake (100 uM) in the absence and the presence of increasing SCFA concentrations
(0-50 mM) at pH 5.5. Inhibition by all three SCFAs followed typical first order competition
kinetics. Proline uptake by PAT1 was inhibited by acetate, propionate and butyrate with apparent
Ki-values of 7.9 £ 0.5, 12.0 + 1.6, and 5.6 £ 0.7 mM, respectively (Fig. 4A). For PAT2, butyrate
exhibited a Kj-value of 7.6 £ 1.3 mM. Moreover, PAT1-mediated glycine currents also displayed
a similar dose-dependent inhibition by propionate (Fig. 4B, inset) under voltage clamp conditions
with an apparent Kj-value of 9.6 + 0.9 mM (Fig. 4B). This apparent affinity is similar to that
obtained in the tracer flux studies with proline. Taken together, these findings establish that
SCFA such as acetate, butyrate, and propionate do specifically and in a concentration dependent
manner interact with the substrate binding site of PAT1 and PAT2 without generating any
inward currents themselves.

Transport properties of radiolabeled SCFAs

To investigate whether the PAT-proteins do mediate SCFA transport into oocytes, uptake of 100
uM [*H]acetate as well as ['*C]propionate was determined. Control oocytes possessed a very low
intrinsic proline uptake capacity, but acetate and propionate were taken up at pH 5.5 at very high
rates. Nevertheless, expression of PAT1 increased acetate and propionate influx to 131 + 7 (Fig.
5A) and 127 + 3% (Fig. 5B) of control, respectively. When the PAT2 protein was expressed in
the oocytes acetate uptake was increased 2.3 fold (Fig. 5A) and propionate uptake 1.5 fold (Fig.
5B). In presence of 20 mM D-proline, PAT-specific acetate influx was almost completely
inhibited to control values of 148.7 £ 6.1 and 176.1 £ 12.4 pmol/oocyte/5 min for PAT1 and
PAT2, respectively (Fig. SA). For PAT]I this value was not significantly (P>0.05) different from
that in control oocytes (144.8+5.1 pmol/oocyte/5 min).

Page 5 of 20
(page number not for citation purposes)



Appendix 5 123

Analysis of PAT1-mediated SCFA transport by combined voltage clamp and pHi,
measurements

Although PAT1 and PAT2 appear to transport acetate and propionate, TEVC studies show that
this process is not electrogenic. The most plausible explanation would be a proton to substrate
stoichiometry of 1:1 for the ionized species of the SCFA. To prove this assumption, we
measured the corresponding changes in intracellular pH during SCFA transport under voltage
clamp conditions. In response to acetate, propionate, and butyrate transport of SCFA by either
PAT1 or PAT2 should cause a decline in pHj, larger than in water injected control oocytes in
which acidification occurs either by nonionic diffusion or via an endogenous transporter. Figure
6A shows the changes in intracellular pH in comparison to current responses. SCFA did never
cause an inward current but reduced significantly pHi,, whereas glycine induced a strong inward
current in PAT1-expressing oocytes with a concomitant reduction in pH (Fig. 6A). Perfusion
with SCFA caused always a higher intracellular acidification in oocytes expressing PAT1 than in
control oocytes. Figure 6B and Table 1 show the initial acidification rates induced by SCFA or
by glycine in oocytes expressing PAT1 in comparison to control oocytes. The slopes of the
PATI1-mediated decline in pHj, in response to SCFA perfusion were 2.5 times (propionate) and
2.8 times (butyrate) higher than those obtained in control oocytes. As expected, a glycine-
induced decrease of intracellular pH was only observed in oocytes expressing PAT1 with an
acidification rate of -0.013 + 0.002 ApH/sec; thus, it was very similar to that induced by butyrate.
Furthermore, glycine induced charge movements (always measured as a control at the end of
each experiment) correlated significantly with the acidification rates as measured for propionate,
butyrate and glycine with r* values of 0.869, 0.888, and 0.862, respectively. Figure 6C
demonstrates that an increase in PAT1-mediated glycine transport activity resulted always in a
concomitant increase in acidification rates for all of the tested SCFAs.

DISCUSSION

The presence of proton/amino acid cotransport systems in the apical membranes of epithelial
cells of rabbit renal tubules (6—10) or confluent monolayers of the epithelial cell line Caco-2
(12—14, 31) was shown functionally. Postcloning analysis of PAT1 suggests that this protein
could be the responsible transporter for proton-dependent amino acid uptake in intestinal and
renal cells. When expressed in X. laevis oocytes, PAT1 but also PAT2 mediate electrogenic
proton-amino acid symport (15, 20) for small neutral amino acids. A further analysis of substrate
recognition established that a free amino group is not an essential requirement for binding (20)
and therefore we analyzed whether the PAT-transporters are able to transport the homologous
SCFAs.

By electrophysiological analysis and uptake inhibition experiments with glycine and proline as
substrates, we demonstrate that acetate, butyrate, and propionate are competing substrates for
uptake by PAT1 and PAT2. Also pentanoate and hexanoate were found to inhibit PATI1
transport, whereas a further increase in chain length, as in octanoic acid reduced inhibition.
Whether these medium chain fatty acids do serve as substrates is not known. However, this
observation confirms our recent finding that O-amino-pentanoic acid is transported
electrogenically via PAT1, whereas a further elongation of the amino acid backbone abolishes
the interaction with the PAT1 transporter (20). We assume that the inhibition of PAT1-mediated
amino acid transport by medium chain fatty acids results from their unrestricted conformation
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that allows them to be accommodated within the substrate binding pocket easily. In contrast,
lactate and pyruvate do not interfere with the substrate binding site of the PAT-carriers showing
that only unsubstituted monocarboxylic acids are recognized. This is in accordance with the
previous observation that amino acids with polar side chains are only recognized by PAT1 (20)
with very low affinity. Using radiolabeled acetate and propionate, we show that expression of
PAT1 and PAT2 in oocytes increases SCFA uptake and that this influx is inhibited by amino
acids. However, electrophysiology failed to demonstrate any associated transport currents when
SCFA are provided as substrates. Recordings of intracellular pH changes established that SCFA
uptake is associated with proton influx under voltage clamp conditions which strongly suggests
that SCFA-influx occurs by proton symport most likely by transport of the SCFA-anion with a
proton by a 1:1 flux coupling stoichiometry as shown also for proline (15, 22). Initial rates of
intracellular acidification by PATI caused by either butyrate or glycine uptake were similar
whereas in case of propionate, acidification was twofold higher than with glycine. Similarly,
acetate induced also twofold higher acidification rates (data not shown) than glycine. This
suggests that the maximal transport rates by which PAT1 mediates propionate and acetate uptake
are different from those obtained for glycine. Different maximal transport rates have also been
observed for PAT1 with glycine and betaine despite very similar substrate affinities (20). The
higher initial acidification rates in case of propionate and acetate are mirrored by higher uptake
rates of the corresponding radiolabeled substrates. Whereas proline uptake reached ~5
pmol/oocyte/min, acetate and propionate uptake rates reached around 10 pmol/oocyte/min,
within the linear phase.

Acetate, propionate, and butyrate showed concentration dependent inhibition and exhibited
apparent Ki-values (5.6-12.0 mM) for PATI in the same range as the apparent K, (1-10 mM)
values determined for its amino acid substrates (15, 20). In comparison, PAT2 displays affinities
in the range of 100-700 uM for the amino acid substrates (glycine, alanine, proline) but butyrate
displayed an affinity almost 13-fold lower than that of glycine. This is in conformity with the
observation that PAT2 is more restrictive with regard to the structural requirements in substrates
for high affinity recognition than is PAT1 (15).

Transmembrane transport of SCFAs is assumed to occur by different processes including
nonionic diffusion, SCFA/anion-exchange and SCFA/proton symport. Permeation of the
nonionized species of a SCFA occurs rapidly by the apolar character followed by fast
intracellular dissociation (32, 33). Driving forces for this process are the transmembrane
concentration gradient of the SCFA and the transmembrane pH-gradient. Although
transmembrane SCFA-movement after pH partition is a general phenomenon, the quantitative
importance of this process in comparison to carrier-mediated SCFA-uptake mechanisms is
discussed controversial.

In particular in colonic tissues, various studies have assessed the transport mode for SCFA that
are produced in huge quantities by bacterial fermentation and it is believed that SCFA transport
here occurs via an anion/SCFA exchange mechanism. SCFA uptake into isolated proximal
colonic membrane vesicles was increased in the presence of outwardly directed bicarbonate,
butyrate, or propionate gradients (34-37) and Ussing chamber experiments also revealed that
SCFAs are transported into the tissue via a bicarbonate/SCFA exchange mechanism (38).
Besides anion exchange processes, also a proton/SCFA symport mechanism was proposed.
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Studies in the intestinal epithelial cell line Caco-2 (39) and in isolated epithelial cells from rabbit
proximal colon (40) provided evidence for such a proton/SCFA cotransport system.

Until recently, only two transporter proteins mediating uptake of SCFAs have been characterized
at the molecular level, the monocarboxylate cotransporter MCT1 (SLC16A1) (41), and the newly
identified sodium-coupled monocarboxylate transporter SMCT (SLC5AS) (42). MCT1 has been
demonstrated to catalyze the proton-coupled transport of monocarboxylates such as lactate,
pyruvate, acetate, propionate, and butyrate and ketone bodies (41). MCT1 is expressed in almost
all tissues, inter alia in cecum, colon, and in kidney cortex (43). Whether MCT]1 is localized in
the apical or basolateral membrane of epithelial cells is still not clear (44), but it appears mainly
to represent the basolateral form of the MCT series. The recently cloned SMCT transporters in
contrast mediates Na'-coupled SCFA uptake and is expressed at high levels in colonic tissue. It
transports lactate, pyruvate, acetate, butyrate, and propionate by an electrogenic Na":SCFA
cotransport mechanism (42).

With the data described here for PAT-mediated transport of the acetate, propionate, and butyrate,
we add two new protein entities to the list of membrane carriers that can transport selected
SCFA. The PATI-mRNA is abundantly expressed with almost the same intensity along the
gastrointestinal tract between stomach and descending colon, except in cecum (15, 17).
Additionally, the PAT1-protein was recently shown to localize to the apical membrane of cells of
the human colon cancer cell line Caco-2 (17). Besides ingestion of SCFA with the diet, acetate,
propionate and butyrate are produced by microbial fermentation of nondigestible carbohydrates
in colon and are present in the lumen in concentrations of 70-120 mM (45). Whether PAT1 in the
intestinal tissues contributes to overall SCFA uptake into the organism is currently not known.
SCFAs are metabolized by colonic epithelial cells as a prime energy source but portal blood of
different species has concentrations of SCFAs in the range from 0.4 mM and 5.3 mM (45, 46)
and SCFAs delivered to circulation serve also as metabolic fuel of the liver and other peripheral
tissues (45, 47). PATI1- and also PAT2-mRNA expression is also fairly strong in liver, testis,
muscle, brain, and heart (19), but their cellular and/or subcellular localization in these tissues is
not known. Therefore, it appears to early to hypothesize that the PAT proteins do play a role in
transport of SCFAs or that SCFA modulate PAT-mediated amino acid transport in these tissues
and cell types.

In summary, we demonstrate that the mammalian PAT-proteins 1 and 2 are novel bifunctional
proton-coupled symporters that operate in an electrogenic mode with amino acid substrates such
as glycine, alanine, proline or GABA or in an electroneutral mode when the substrates lack an
amino group. The demonstration of PAT-mediated proton/SCFA symport addresses a putative
new function of these transporters in mammalian biology.
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Table 1

Determining intracellular acidification induced by short-chain fatty acids

Substrate PAT1-mediated (ApH/sec) Control Ratio PAT1/control
(ApH/sec)
Propionate -0.026 + 0.008 -0.011 +0.002 2.5
Butyrate -0.013 +0.002 -0.005 = 0.001 2.8
Glycine -0.013 = 0.003 - -

All substrates were applied at a concentration of 20 mM at pH 5.5. Slope of acidification was determined after linear regression of data obtained in
the first 20 s of linear acidification after substrate application. PAT1-mediated data are baseline corrected by subtracting pH changes recorded in
control oocytes from total pH changes in PAT1-expressing oocytes. Data in last column are relative as a quotient of slope of acidification determined
for a substrate in PAT1 expressing oocytes divided by slope values in control oocytes and given as x-fold increase regarding to control oocytes.
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Figure 1. Current trace and glycine induced current inhibition by monoamines and monocarboxylates in PAT1
expressing X. laevis oocytes. A) Representative current trace of a PAT1-expressing oocyte showing current responses after
successive addition of glycine, propylamine, and propionate at a concentration of 20 mM in standard perfusion buffer (pH
5.5). In control oocytes, no current change for any test compound has been observed (data not shown). B) Current trace of
a PAT1 expressing oocyte of a representative inhibition experiment. Currents were induced by 0.5 mM glycine, and
inhibitory effect of propylamine and propionate was obtained at concentration of 10 mM. C) Inhibition of glycine induced
currents by propylamine and propionate in PAT1 expressing oocytes. PAT1-mediated currents, induced by 0.5 mM
glycine, are shown in the absence (black bar) or presence (gray bar) of 10 mM of indicated compound. Currents are
displayed relative to glycine induced currents (Ig,=96 = 11 nA, n=6).
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Figure 2. Short-chain fatty acids are not transported electrogenically via PAT1 and PAT2 but are able to inhibit
glycine induced currents of PAT substrates. Representative current trace of a PAT1 (A) and PAT2 (B) expressing oocyte
showing current responses following the successive addition of the indicated compounds (20 mM, pH 5.5). In control
oocytes, no current change for any tested compound has been observed (upper traces). C) Inhibition of glycine induced
currents by different monocarboxylates in PAT1 expressing oocytes. PAT1-mediated currents, induced by 1 mM glycine,
are shown in the absence (black bar) or presence (gray bars) of 20 mM of indicated monocarboxylate. Currents are
displayed relative to glycine induced currents (I,=409+48 nA, n=8). D) Representative current trace of a PEPT1
expressing oocyte showing current responses after perfusion of D-Phe-Ala (1 mM) and a combination of D-Phe-Ala (1
mM) and propionate (20 mM) followed by control perfusion with 10 mM D-Phe-Ala. Inset) Inhibition of D-Phe-Ala (DPA,
1 mM, black bar) induced currents by coperfusion of 20 mM propionate (+PA; gray bar) in PEPT1 expressing oocytes.
Results are expressed as % of PEPT1 mediated 1 mM D-Phe-Ala currents and are means + SE (Ip_ppe.al.=121£19 nA, n =4).
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Figure 3. Inhibitory effect of short-chain fatty acids on PAT-mediated L-proline uptake Inhibition of L-proline uptake
(100 uM) by different short-chain fatty acids into PAT1 (A) and PAT?2 (B) expressing oocytes. Proline uptake is shown in
the absence (black bars) or presence (gray bars) of 20 mM unlabeled short-chain fatty acid. Uptake is displayed relative to
L-proline uptake (PAT1: 36.9+3.9; PAT2: 55.6+6.8 pmol/oocyte/10 min) as means =+ SE (n=8-10).
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Figure 4. Concentration dependent inhibition of PAT mediated amino acid transport by different short-chain fatty
acids. A) Uptake of L-[’H]proline (100 uM) into PAT1 expressing oocytes measured as a function of increasing acetate
(open circles), propionate (triangles), and butyrate (squares) concentrations (0-50 mM). Curves are best fit using first order
competition kinetics. Data are means + SE of n = 3 experiments with n = 8-10 oocytes per condition. B) Competition
analysis of the inhibitory effect of propionate on Gly currents. Oocytes expressing PAT1 were held at a membrane
potential of -40 mV and perfused with standard perfusion buffer at a pH of 5.5 in the absence or presence of 1mM glycine
in combination with increasing concentrations of propionate (0-50 mM). Curve represents best fit using first order
competition kinetics. Data are shown as means = SE (n=38). Inset) representative current trace of a PAT1 expressing oocyte,
black lines mark time period when substrate was present in perfusate (15 s, respectively), and numbers indicate respective
propionate concentration including 1 mM glycine.
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Figure 5. Uptake of [*H]acetate and [**C]propionate is significantly enhanced in PAT1 and PAT2 expressing
oocytes. Uptake of [*H]acetate and ["*C]propionate (100 uM) into control oocytes as well as PAT1 and PAT2 expressing
Xenopus oocytes was measured for 5 min of incubation at pH 5.5 in standard uptake buffer. A) Uptake rates of 100 uM
acetate in the absence (gray bars) or presence of 20 mM D-proline (dashed bars) are shown. B) Uptake of ["*C]propionate
into control oocytes or oocytes expressing PAT1 or PAT2. Transport rates are means + SE (n=8-10) of a representative
uptake experiment. ¥***P < 0.001, *P < 0.05, compared with corresponding values in control oocytes.
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Figure 6. PAT1-mediated intracellular acidification in X. laevis oocytes induced by short-chain fatty acids. A)
Intracellular pH and current recordings after application of 20 mM of indicated short-chain fatty acid or glycine. Upper
traces are intracellular pH recordings as ApH in PAT1-expressing (black line) and control oocytes (gray line) clamped at —
40 mV. Fast pH changes at the beginning and end of glycine application are virtual and reflect potential differences
between the tips of voltage recording and pH microelectrode by changes of the clamp current. Lower traces represent the
holding current recorded for a PAT1 expressing oocyte. B) Initial acidification rates in PAT1 expressing (black symbols)
and control oocytes (gray symbols) during perfusion with either propionate, butyrate, or glycine. Slope of total
acidification was determined after linear regression of the first 20 s of linear acidification recorded in PAT1 and control
oocytes. Data are means =+ SE of n = 10 experiments. C) Shown are acidification rates of propionate (squares), butyrate
(circles), and glycine (triangles) obtained in individual oocytes as function of charge movement induced by glycine in same
oocyte as measured at end of each experiment.
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SUMMARY

PAT1 is a recently identified member of the PAT family of proton/amino acid cotransporters
with predominant expression in the plasma membrane of enterocytes and in lysosomal
membranes of neurons. Previous studies in Xenopus oocytes expressing PAT1 established
proton-substrate cotransport associated with positive inward currents for a variety of small
neutral amino acids. Here we provide a detailed analysis of the transport mode of the murine
PAT1 in oocytes using the two electrode voltage clamp technique to measure steady state
and presteady state currents. The giant patch clamp technique and efflux studies were
employed to characterise the reversed transport mode. Kinetic parameters (K., and /) for
transport of various substrates revealed a dependence on membrane potential,
hyperpolarization increases the substrate affinity and maximal transport velocity. Proton
affinity for interaction with PAT1 is in the range of 100 nM, corresponding to a pH of around
7.0 and independent of substrate. Kinetic analysis revealed that binding of proton most likely
occurs before substrate binding and that proton and substrate are translocated in a
simultaneous step. No evidence for a substrate-uncoupled proton shunt was observed. As
shown by efflux studies and current measurements by the giant patch clamp technique,
PAT1 allows bidirectional amino acid transport. Surprisingly, PAT1 exhibits no presteady-
state currents in the absence of substrate even at low temperatures and therefore PAT1

takes an exceptional position among the ion-coupled cotransporters.
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INTRODUCTION

Proton-coupled amino acid transport across biological membranes is a common
phenomenon in prokaryotes and lower eukaryotes (1). However, in mammalian species such
proton-coupled amino acid transporting systems are scarce. Based on work in isolated
vesicles from brush border membranes of kidney first evidence for the presence of proton-
coupled transporters for small polar amino was obtained in the late 1980°s and 1990°s (2-4).
Similarly, in the human intestinal cell line Caco-2 the existence of a proton-coupled system
capable of transporting glycine, alanine, R-alanine, prolin and amino acid derivatives such as
GABA', and D-cycloserine was demonstrated (5-9) and these systems have been termed
PAT for proton-dependent amino acid transporters.

The molecular entities of this transporter family have been identified and in the last
years four different transporter cDNAs (PAT1-PAT4) have been cloned (10). All members
represent proteins with 483 - 500 amino acid residues with predicted 11 transmembrane
domains and a mean similarity of > 65% to each other. Whereas two of the proteins still are
orphan transporters, PAT1 and PAT2 proteins have been functionally characterised as
proton-coupled symporters. PAT1, cloned so far from rat, mouse and human (10-13) appears
to represent the functionally well characterised PAT-system from the apical membranes of
the enterocytes and renal proximal tubular epithelial cells. In fact, the human PAT1 cDNA
has been cloned from the human intestinal cell line Caco-2 and the PAT1-protein could be
localised in the apical membrane of Caco-2 cells (12). The cDNA of PAT1 was initially cloned
from rat brain and the protein was found in lysosomal membranes of neuronal cells by
immunohistochemistry (13). Here the transporter is proposed to mediate lysosomal export of
small amino acids from intralysosomal protein breakdown. In primary neuronal cells prepared
from rat hippocampus the transporter localises to specific plasma membrane domains, called
the exocyst complex (14). Whether this finding is of significance in vivo in the developing or
mature brain in the neuronal uptake or release of neurotransmitters such as glycine and
GABA - both PAT1 substrates - is so far not known.

The basic functional properties of PAT1 when heterologously expressed have been
elucidated in COS-7 and Hela cells and in Xenopus laevis oocytes. The substrate specificity
is well described and besides small L-o-amino acids (Gly, Ala, Pro) also certain - and -
amino acids (e.g. B-alanine, GABA), D-amino acids (e.g. D-Ser, D-Ala), and osmolytes such
as sarcosine (N-methyl-glycine) and betaine (N-trimethyl-glycine) were shown to be
transported. Critical structural features of substrates that show electrogenic transport by
PAT1 are a short size of the amino acid side chain, a free negatively charged (carboxy-)
group, and a short spacing between amino and carboxy group whereas a free amino group is

not essential for PAT1 interaction (15).
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PAT1-mediated transport is highly dependent on the extracellular pH and on
membrane potential. The transport of protons and the zwitterionic form of amino acid
substrates is electrogenic with a stoichiometry of 1:1, the latter shown for the model
substrate L-proline. Substrate-dependent proton translocation by PAT1 has been directly
shown by recording intracellular acidification in oocytes expressing PAT1 (11).

Here we present a more detailed analysis of the transport mode of the murine PAT1
protein expressed in Xenopus laevis oocytes. By recording steady state currents, the
transport characteristics of different substrates have been analysed with respect to substrate
and proton binding affinities and their dependence on membrane potential. Moreover, the
ability of PAT1 for bidirectional transport and the asymmetry of the binding site in the in- and
outward facing direction is demonstrated for the first time and an analysis of presteady state
currents is provided. The results help to understand amino acid transport by PAT1 in its

different locations such as lysosomal membranes or the brush border of epithelial cells.
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METHODS
Materials

Xenopus laevis frogs were purchased from Nasco (Fort Atkinson, WI). All experiments
with X. laevis were approved by the state ethics committee and followed the German
guidelines for care and handling of laboratory animals. Amino acids and related compounds
were obtained from Sigma Chemie (Deisenhofen, Germany) or Merck (Darmstadt, Germany)
in p. a. quality. Tritum labelled proline (L-[3,4-°H]proline, 60 Ci/mmol) was purchased by
Amersham Biosciences (Freiburg, Germany). Collagenase A was obtained from Roche
Molecular Biochemicals (Mannheim, Germany).
Xenopus laevis oocytes handling and cRNA injection

Oocytes were treated with collagenase A (Roche Diagnostics) for 1.5 - 2 h at room
temperature in Ca**-free ORIl solution (82.5 mM NaCl, 2 mM KCI, 1 mM MgCl, and 10 mM
HEPES, pH 7.5) to remove follicular cells. After sorting, healthy oocytes of stage V and VI
were kept at 18°C in modified Barth solution containing 88 mM NaCl, 1 mM KCI, 0.8 mM
MgSQO,, 0.4 mM CaCl,, 0.3 mM Ca(NOj3),, 2.4 mM NaHCO; and 10 mM HEPES (pH 7.5).
The next day, oocytes were injected with 27 nl sterile water (control), 27 nl murine PAT1-
cRNA or 13 nl rabbit PEPT1-cRNA (10 ng cRNA/oocyte, respectively) and were kept in
modified Barth solution at 18°C until further use (3 - 5 days after injection).
Two electrode voltage clamp

Two-electrode voltage clamp experiments were performed as described previously
(11). Briefly, the oocyte was placed in an open chamber and continuously superfused with
incubation buffer (100 mM choline chloride, 2 mM KCI, 1 mM MgCl,, 1 mM CacCl,, 10 mM
MES or HEPES at pH 5.5-8.5) in the absence or presence of the substances studied.
Oocytes were voltage clamped at -60 mV using a TEC-05 amplifier (NPI Electronic, Tamm,
Germany), and current-voltage (I-V) relations were measured using short (100 ms) pulses
separated by 200 ms pauses in the potential range -160 to +80 mV. |-V measurements were
made immediately before and 20-30 s after substrate application when current flow reached
steady state. The current evoked by PAT1 at a given membrane potential was calculated as
the difference between the currents measured in the presence and the absence of substrate.
Positive currents denote positive charges flowing out of the oocyte. (see Figure 6 and 8).

Kinetics of substrate-dependent currents were constructed from experiments
employing five different amino acid concentrations in Na*-free buffer at pH 6.5 with at least 8
individual oocytes expressing PAT1 from at least two different oocyte batches for each
substrate. Substrate-evoked currents were transformed according to Eadie-Hofstee and after
linear regression analysis the substrate concentrations that cause half-maximal transport

activity were derived. Transport parameters are defined by apparent K, (mM) and |,.x (nA).
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Kinetics for proton-interaction with PAT1 were obtained under conditions of substrate
saturation (50 mM). Such high concentrations were chosen to exclude pH-effects on the
titration of the substrate in the pH range used and to allow even at the lowest pH (pH 5.5)
substrate saturation for the zwitterionic species. Substrate free buffer has been for
comparison osmotically adjusted with 50 mM mannitol. The standard incubation medium was
buffered with 10 mM HEPES (> pH 6.0) or MES (pH < 6.0) and adjusted in the presence of
substrate to the respective pH values. The apparent K., values were derived by linear
regression after Eadie-Hofstee transformation of inward currents induced by 6 different
apparent proton concentrations. It is noteworthy that the data points could always be fit best
to a single kinetics with no indication for unspecific proton binding effects or an allosteric
proton binding mechanism.

Giant patch clamp experiments

GPC experiments were performed as described previously (16). Patch pipettes of 20-
30 um diameter were prepared from thin-walled borosilicate glass capillaries (MTW-150,
WPI, Berlin, Germany) and were filled with a solution containing (in mM) NaCl 10, NalSE 80,
MgSO4 1, Ca(NO3)2 1, HEPES 10, titrated to pH 7.5, and connected to an EPC-9 amplifier.
After removing of the vitelline layer and gigaseal (1-10 gigohms) formation pipettes were
moved to a perfusion chamber and continuously superfused with the control bath solution
composed of (in mM) potassium aspartate 100, KCI 20, MgCI2 4, EGTA 2, HEPES 10 (pH
7.5). During experiments the membrane potential was clamped to 30 mV, and IV relations in
the potential range of -80 to +60 mV were measured in the same way as described for TEVC
experiments. The data were recorded with the PULSE (HEKA, Lambrecht, Germany) and
evaluated with the PATCH (courtesy of Dr. Bernd Letz) program.

The transport parameters K,, (mM) and I (PA) were obtained from least square fits to the
Michaelis-Menten equation. Since |..x values depend on the expression level of the
transporter all parameters (altered substrate concentrations and pH) were always analysed
in the same oocyte. This required a reduction of the number of data points for analysis to 5 in
these experiments with substrate concentrations of 1, 2.5, 5, 10, and 20 mM for all
substrates at pH 7.5.

Presteady state measurements

Presteady currents were measured with the same equipment and similar to the
recordings of the I|V-relations. The membrane potential was stepped from the holding
potential of -60 mV to -160 to +80 mV in 40 mV steps, however, the pulse length was only 40
ms and the recorded signals were low-pass filtered at 1 kHz. To obtain a good resolution of
both, the high-amplitude current peak loading the membrane capacitance and the low
amplitude presteady component, the current was recorded first with low amplification (0.2

V/yA) and than with high amplification (1 V/yA). The time resolution was for both runs 0.16
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ms. In the high-amplification mode the peaks of the capacitive currents were cut off by the
analog-digital conversion. To reduce measurement noise five runs with each setting were
recorded, stored and averaged. The data were evaluated offline by using self-written
programs in VBA for Excel and using the Solver routine for least-square fitting. After
averaging the data the following function containing two exponential relaxations was fitted to

the data points recorded with the low amplification.

lvt = leapy €XP(t/Tcapy) + lpren €XP(-t/Tprey) + ISy

with |y current at the membrane potential , v and at the time , t*
leapy  Peak capacitive current at , v*
Taapyv time constant of the capacitive current component at , vV*
ley  peak presteady current at,, V'
Toev  time constant of the presteady current component at, V*

Is, steady (DC) component of the current at ,V*

Due to the limited speed of the voltage clamp the first 1.12 ms of the current records
(i.e. the first 7 data points) were omitted from the fit procedure. When the best fit with the low
amplification data was reached, the parameters |y Torey @and Is, were then refitted using the
data points recorded with the high amplification, whereas the parameters |cp, and tcap, Were
fixed at their values obtained in the previous fit. The charge movement due to presteady
currents at V' was calculated as the time integral of the relaxation function.

For analysis at low temperatures the measuring chamber was perfused with solutions
cooled down from the room temperature (22° C) to about 10° C. This was achieved by filling
cooled solutions into thermically isolated reservoirs and by further cooling the perfusate by a
Peltier-element in the very neighbourhood of the chamber. In a part of experiments the
temperature was measured at the chamber outflow and verifyed a solution temperature of
about 10 °C or lower.

Efflux measurements

8 oocytes (water- or cRNA-injected) per experiment were injected with 100 uM [*H]L-
proline (2.5 nCi/oocyte) in efflux buffer (100 mM choline chloride, 2 mM KCI, 1 mM MgCl,, 1
mM CaCl,, 10 mM HEPES, pH 7.5). After 1 min of regeneration at room temperature in efflux
buffer, oocytes were briefly washed and immediately transferred to individual wells of a 96-
well plate (0.5 ml volume/well). 200 ul standard incubation buffer was added with a multi
channel pipette. After the indicated time intervals 100 pl medium were withdrawn for
determination of radioactivity and replaced by new buffer. At the end of the experiment,
oocytes were solubilized by adding 100 pl 10% (w/v) SDS. Radioactivity of the efflux buffer at

the different time points and in the oocyte was counted by liquid scintillation.
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Statistics

All calculations (linear as well as non-linear regression analyses) were performed using
Prism software (GraphPad, San Diego, CA). Transport measurements in Xenopus oocytes
were performed with at least 8 oocytes from two different oocyte batches. Data are
presented as mean + S.E.M. Statistically significant differences were determined using

ANOVA analysis followed by Newman-Keuls multiple comparison test.
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RESULTS

H'/amino acid steady state kinetics: Proton activation constants
We first determined the affinity for proton interaction ( x/*) with PAT1 under saturating

substrate concentrations (50 mM) by varying the extracellular pH from pH 7.0 to pH 5.5. As

shown in figure 1A, proton-dependent inward currents followed typical Michaelis-Menten

kinetics with apparent KZ* values of 133 + 4.3 nM in case of glycine and 111 + 6.8 nM in

the presence of GABA. The determined kI* values were independent of the amino acid

substrate, as they did not significantly differed from each other (p >0.05) and correspond to a
pH value of about pH 6.9 that causes half-maximal stimulation of transport. When currents
were recorded at different membrane voltages, the apparent proton affinity with glycine as

substrate decreased nearly 9-fold by depolarising the membrane from -140 mV to +20 mV
(Fig. 1B). Interestingly, the 1% values for proton-dependent glycine transport at saturating

substrate concentrations decreased only 2.4-fold by depolarisation from -140 mV to +20 mV
(data not shown).
H'/amino acid steady state kinetics: Voltage dependence

To determine the effect of membrane voltage on the kinetic parameters K, and /. of
PAT1 substrates, inward currents were recorded as a function of increasing L-Ala
concentrations (0.2 mM - 20 mM). Figure 2A demonstrates that under non-saturating
substrate concentrations, inward currents almost linearly depend on membrane potential and
only at 20 mM L-Ala currents show a tendency towards saturation at negative membrane
potentials. A comparative analysis of membrane voltage effects on the K, values for Gly, L-
Pro, betaine and taurine is provided in figure 2B. Membrane depolarisation had only a minor
effect on affinity of Gly with a decline of K, value of about 1.5-fold and similarly, L-Ala, and 13-
Ala affinities only modestly changed (data not shown). Affinities of L-Pro, betaine, and taurine
decreased between 2.1- and 4.1-fold by shifting the membrane potential from -160 mV to 0
mV (Fig. 2B) and similar changes in apparent K, were obtained for D-Pro, D-Ala, sarcosine,
and GABA (data not shown). All I,,.x values for the different substrates decreased by 70-80%
when membrane voltage was changed from -160 mV to 0 mV (data not shown).
H'/amino acid steady state kinetics: Order of binding

For assessing whether binding of protons and amino acids to PAT1 follows an ordered

or random mechanism, we determined apparent K" and 792 at two different pH values

(pH 6.5 = 0.316 uM [H'], pH 5.0 = 10 uM [H']). At both pH values substrate-dependent
inward currents showed simple Michaelis-Menten kinetics and decreasing external pH from
pH 6.5 to pH 5.0 did not change significantly the maximal inward currents but reduced

significantly (p <0.001) the K., for glycine (Fig. 3A and 3B, Table 1). When currents were
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determined at two different glycine concentrations in dependence of the external H*

concentration (pH 7.0 to 5.5), the apparent K2+ for proton binding increased more than 4.4-

fold and the proton-dependent I/t increased 2.3-fold when glycine concentration was

increased from 2 mM to 20 mM (Fig. 3C and D; Table 1). These data strongly suggest that
there is an ordered binding mechanism with protons binding first followed by substrate.
No substrate uncoupled proton conductance

We also addressed the question of whether PAT1 exhibits a proton conductance in the
absence of amino acid substrates. For this, current-voltage relationships were recorded in
oocytes expressing PAT1 and in water-injected controls and oocytes were perfused with
buffer solutions of varying H" concentrations (pH 7.0 to pH 5.5) in the absence of amino
acids. Figure 4A and 4B demonstrate based on |-V relationships and Figure 4C by
intracellular pH-recordings that alterations in extracellular pH over a large range does not
cause a proton or charge influx different from the changes observed in water-injected control
oocytes. We also calculated by linear regression analysis the reversal potential at each pH
value tested. Only a slight conversion to less negative potentials, from -31 £ 2.5 mV (pH 7.5)
to -27 £ 1.5 mV (pH 5.0), was observed in oocytes expressing PAT1 (Fig. 4A). However, this
shift was not significantly different (p > 0.05) from that obtained in control oocytes (-23 + 1.6
mV to -20 + 1.2 mV) (Fig. 4B). These observation argue against a capacity of PAT1 to
translocate protons in the absence of amino acids.
Presteady state kinetics

Analysis of presteady state currents of other electrogenic ion-coupled solute
transporters has been very helpful to define their transport mode. We have determined for
the first time the presteady state currents of PAT1 in direct comparison to PEPT1 as another
proton-dependent electrogenic symporter. Figure 5 shows typical current records in response
to potential steps for the rabbit PEPT1 and mouse PAT1. In both cases, the upper panels
show the currents in the absence and the lower panels in the presence of substrate. It
becomes obvious that PEPT1-mediated currents show in addition to the fast capacitive
component an additional potential-dependent slow component which disappears in the
presence of substrate. No such slow component could be detected in case of PAT1,
although the substrate-dependent steady state current was even higher than that of PEPT1
(1206 nA vs 730 nA at —-60 mV). These results were consistently found in at least 7 oocytes
from two donor animals in the same oocyte batch. The mean transport current in these
oocytes was 600 + 83 nA (at —=60 mV). The calculated presteady charge movement was,
however, very small (0.74 £ 0.22 nC, n=7 at —160 mV and pH 7.5), became still lower at pH
6.5 (0.55 + 0.18 nC) and was not significantly different from zero at pH 5.5 (0.45 = 0.21 nC).

For comparison, the presteady-state charge transfer in oocytes expressing PEPT1 with a
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mean transport current of 450 + 30 nA (at .60 mV) amounted to 16.6 + 1.9 nC, (n=16) at —
160 mV and pH 7.5.

In addition to the differences in the presteady charge movements, the time constants
for the capacitive component were also different between PAT1 and PEPT1. For both
transporters they were - as expected - independent of membrane potential, and averaged
0.393+0.036 ms (n=7) for PAT1 and 0.715+0.059 ms for PEPT1. This difference suggests
differences in the plasma membrane area and is supported also by capacitance
measurements which show a considerable increase of the membrane capacitance
proportional to the transport current in oocytes expressing PEPT1, but a nearly unchanged
membrane area of PAT1-expressing oocytes (unpublished data).

One possible reason for the lack of significant presteady-state currents in PAT1 could
be a very short time constant for the reorientation of the unloaded protein in the membrane in
response to potential steps that than would be indistinguishable from the time constant of the
capacitive currents. To better discriminate these two parameters, we performed the same
experiments at low temperature. The results of 7 identical experiments at low temperature
revealed a decrease of transport currents from 594 + 145 nA at room temperature to 165 *
60 nA in the cooled state, thus reducing the turnover rate of the transporter by 77 + 5 %.
However, we did not observe any significant increase of a current component with slow time
constant (0.71 + 0.34 nC at room temperature, 0.31 £ 0.17 nC at low temperature)
demonstrating the lack of any detectable presteady state currents in PAT1.

Bidirectional transport: PAT1-mediated amino acid efflux

For assessing whether PAT1 is able to transport amino acids also in the outward
direction, we loaded oocytes expressing PAT1 with glycine and determined outward-directed
transport currents. As shown in figure 6, PAT1-expressing oocytes were perfused at -40 mV
with 20 mM glycine at pH 5.5 for 5 min while inward directed current was recorded. A fast
wash-out of substrate and a shift of external pH to 7.5 led to significant outward currents of
up to 520 nA at a V,, of -40 mV. These outward currents in the wash-out period were
dependent on the PAT1-expression level and the length of substrate application period (data
not shown). To confirm transport in the outward direction, efflux studies using radiolabelled
proline were performed. After injection of oocytes with radiolabelled proline (5 nmol/oocyte),
efflux of the tracer from oocytes expressing PAT1 was significantly higher that from control
oocytes (Fig. 7A). The presence of the extracellular substrates such as glycine or alanine
increased efflux via PAT1 further by 1.9-fold (glycine) and 1.5-fold (alanine) as compared
with the efflux in the absence of amino acids (Fig. 7A). Proline efflux from preloaded oocytes
followed Michaelis-Menten kinetics when determined as a function of extracellular glycine

concentrations with an apparent affinity constant for glycine of 1.6 £ 0.2 mM (Fig. 7B).
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To characterise in more detail the reversed transport mode of PAT1, we employed the
giant patch clamp technique with membrane patches obtained from oocytes expressing
PAT1. With increasing concentrations of D-Ala provided on the internal membrane side,
outward directed currents were recorded even at negative membrane potentials of -80 mV
(Fig. 8A). Like inward transport, outward transport currents were strongly dependent on
membrane potential and increased from 1.1 + 0.8 pA at -80 mV to 12.1 £ 2.8 pA at +60 mV in
the presence of 50 mM D-alanine. No substrate induced currents were observed in
membrane patches obtained from control oocytes (data not shown). The amino acid induced
outward currents followed typical Michaelis-Menten kinetics as a function of increasing
concentrations of D-alanine (Fig. 8B). We next determined apparent K, values for different
substrates from Michaelis-Menten kinetics of outward transport recorded at a membrane
voltage of +60 mV. Affinities ranged from around 10 mM (L-Pro and D-Pro) to 45 mM (L-Ala)
and were therefore almost 7-fold lower than the apparent K,, values for the same substrates
as determined for the inward direction under the same conditions and at a membrane voltage
of -60 mV (Fig. 8C). As the most interesting observation, a significant linear relationship in
affinities for substrate binding to PAT1 in its outward facing or its inward facing direction was
observed. Affinities of substrates such as proline or glycine showed a dependence on
membrane potential with a decline at more negative voltages (Fig. 8D). Additionally, maximal
transport velocity determined for the outward direction exhibited a similar dependency on
membrane potential as described for the inward direction. Alteration of membrane potential
by 80 mV decreased the |, values of all substrates tested between 40% and 60%. (data not
shown). These results clearly establish that PAT1 is capable to transport its substrates
bidirectionally with the direction of transport determined by the electrical and chemical proton
gradient as well as the substrate gradient but a defined asymmetry in the conformation of the

substrate binding domain.
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DISCUSSION

Proton-dependent amino acid transport systems with a selectivity for small neutral
amino acids and their derivatives amino have been demonstrated in intestinal and renal
epithelial cells (2-8). It is now accepted that the PAT1 gene encodes the PAT-activity in these
epithelia (12) and the heterologously expressed PAT1 displays essentially all expected
functional features (15). We here provide an extended analysis of the functional
characteristics of the PAT1-protein by electrophysiological and flux studies that do provide
new and unexpected findings.

PAT1 exhibits an apparent proton affinity of around 100 nM that corresponds to a pH of
7.0 and which is almost 50-fold lower than proton affinity reported for the ortholog PAT2 (17).
Since the pH at the vicinity of the cell membrane is slightly acidic (pH 6.1 - pH 6.8) by a
surface microclimate (18), PAT1 operates most likely in intestinal epithelia under proton
saturation. Based on the functional coupling of proton recycling via Na*/H* exchanger NHE3
from the cytosol to the apical membranes changes in NHE3 activity secondarily can affect
PAT transport activity as shown in the Caco2 cell system (19). In lysosomes of neurons were
PAT1 is also found, pH values of < pH 5.5 also would provide conditions allowing maximal
rates for amino acid export (20). Proton binding affinity is independent of the substrate
species but strongly dependent on membrane voltage with highest affinity at hyperpolarised
voltages. Apparent affinities of the various amino acid substrates for PAT1 are also
dependent on membrane potential with more pronounced effects at subsaturating proton
concentrations (pH 6.5), whereas at low pH (pH 5.0) membrane voltage effects are only
modest. Also apparent proton affinities under amino acid saturating conditions were strongly
dependent on membrane voltage with decreasing affinities by depolarising potentials. The
loss of amino acid binding affinity at less negative potentials under subsaturating proton
concentrations is therefore mainly a reflection of the loss of the proton binding affinity.

The observation that the proton affinity constants are essentially independent of the

substrates nature suggests that PAT1 possesses an ordered binding mechanism, with
protons binding first followed by the amino acid. The maximal transport rate for glycine (152 )
also barely responded to a 30-fold increase of H* concentration. Moreover, the reduction in
the K" by lowering pH was much less than expected for a cotransporter with a random
substrate/cosubstrate binding mechanism (21-24). However, the substrate concentration
drastically affected the 7% for H'-dependent currents but we also observed that at high

glycine concentrations and at more negative membrane potentials the saturating current
became independent of the H® concentration. This also supports an ordered binding

mechanism with initial H" binding.
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Binding of proton and substrate is followed by a translocation step in which most likely

H* and amino acid are simultaneously transported across the membrane. This is supported

G
m

by the observation that, at least at potentials more positive than -100 mV, the K%¥ increases

at diminishing H* concentrations (e.g. at -60 mV k%" increases strongly with increasing

external pH, table 2). In addition, the ratio 752 / k9% was strongly dependent on the external

H* concentration and this can be taken as additional evidence for an ordered binding,
simultaneous transport model (21;25).

In the transport model of PAT1 an uncoupled H" influx can essentially be excluded
based on only minimal shifts in reversal potential in response to pH jumps and the absence
of intracellular pH changes in the absence of substrates. The strong potential dependence of
apparent proton binding affinity, may be explained by the “ion-well’ effect, i.e. that H* has to
traverse a part of the transmembrane voltage for entering the proton binding site (21). In this
respect PAT1 shares general features such as the voltage dependence of affinities, the
ordered binding mechanism and the “ion-well’ effect with other symporters like the proton-
coupled peptide transporter PEPT1, the sodium-coupled hexose transporter SGLT1 or the
system A transporter SA2 (26-28), the latter belonging to the same super family as PAT1.

Analysis of presteady state currents of PAT1 performed at room temperature and 10°C
yielded unexpected results. In contrast to most other ion-coupled transporters and also in
contrast to PEPT1, with significant potential- and pH-dependent presteady-state charge
movements, these were virtually absent in PAT1. There are two possible explanations for
this lack of presteady charge movements. It could be that a) PAT1 has an almost symmetric
charge distribution within the protein that in turn would not produce a potential-dependent
reorientation within the membrane or b) that the movement of the empty transporter in
response to potential steps is so fast that the presteady-state currents become
indistinguishable from the capacitive currents. Our approach to reduce the turnover rate by
lowering the temperature only reduced steady state currents, but did not uncover a presteady
current component. Another possible reason for the lack of presteady state currents could be
that the turnover rate of mPAT1 is much higher than that for example of PEPT1 and
therefore a much smaller number of transporters generates the same rate of maximal
currents as for example PEPT1. As a consequence of this, the charge movements induced
by the reorientation of the transporters in response to potential steps would be too small to
be detected - even at low temperature. That PAT1 could indeed have a very high turnover
rate is supported by the following observations: a) comparable inward currents after injection
of equal amounts of cRNA of PAT1 and PEPT1 into oocytes can be obtained at least one
day earlier in case of PAT1 and b) PAT1-expression yields a lower oocyte membrane
surface area and smaller capacitive time constants as PEPT1. Taken together, our analysis

does in its present state not allow a final conclusion to be drawn about the lack of detectable
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presteady state currents in PAT1 but circumstantial evidence argues for an exceptionally
high turnover rate.

The capability of PAT1 for bidirectional transport is demonstrated here for the first time.
The apparent substrate affinities determined for inward-directed and outward-directed
transport under identical conditions reveal an identical substrate binding pattern but affinities
for the binding side when facing the cytosol are generally around 7-fold lower. This indicates
a consistent conformational difference of the substrate binding pocket in its inward- and
outward-facing state that determines for all substrates an almost identical difference in
affinity. In terms of the normal transport cycle, the lower affinity inside could promote the
release of the substrate into the cytosol. Similar to the inward direction of transport, K., and
Imax Values for outward transport of substrates are dependent on membrane voltage. Whether
PAT1-mediated outward transport of amino acid substrates plays a physiological role is
currently not known. However, we show that outward transport can occur even at inside
negative membrane potentials, which resembles physiological conditions. The observed
strong outward currents observed in the TEVC experiments after loading of oocytes with
glycine is a consequence of the reversed driving forces, i.e. the pH- and substrate gradients.
PAT1-mediated amino acid transport has been shown to cause intracellular acidification of
up to 1 pH unit (15) and therefore after a longer substrate perfusion period, pH-gradients
could be outwardly directed. When the intracellular glycine concentration in oocytes perfused
with glycine was calculated based on charge movement and using the Faraday constant
(oocyte volume at 1.1 mm diameter: 697 nl with around 37% aqueous phase) concentrations
of 22 mM to 32 mM were determined and it can be anticipated that those are even higher in
the vicinity of the membrane. Under these conditions PAT1 is capable to release substrates
from the cells. Moreover, PAT1-mediated efflux of labelled L-proline from oocytes can be
demonstrated even in the absence of an outwardly directed pH-gradient and L-Pro release
was strongly stimulated by the presence of extracellular amino acid substrates with a half
maximal transactivation constant of around 1 mM. Extracellular concentrations of glycine,
alanine, and proline are in the range of 0.2 mM and 0.4 mM (29) and in the sum are therefore
high enough to stimulate PAT1-mediated efflux of amino acids from cells. In addition,
intracellular concentrations of PAT1-substrates such as glycine but in particular of taurine or
betaine are fairly high, which would allow PAT1-mediated outward transport for example in
the absence of a pH gradient or after membrane depolarisation. Uptake and efflux of the
osmolyte taurine via PAT1 could thereby contribute to the maintenance of a constant cell
volume under hypo- or hyperosmotic conditions. This proposed role of PAT1 may also be of
relevance in non-epithelial cells with high intracellular concentrations of taurine and betaine
such as muscle, in which the PAT1-mRNA is expressed at considerable levels (10). Whether

this is indeed a physiological function of PAT1 needs to be established.
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In summary, PAT1 is an electrogenic H'-coupled amino acid symporter with the
capability for bidirectional amino acid transport. Proton and substrate binding affinities are
strongly voltage-dependent but the transport occurs most likely in an ordered fashion in
which the proton binds before the amino acid is bound followed by simultaneous substrate
and proton translocation. Substrate interaction with the protein binding sides in extracellular
or intracellular orientation is determined by an asymmetry with a characteristic
conformational difference and generally lower affinities in the outward facing state. In
contrast to many other cotransporters the PAT1 transporter does not possess detectable
presteady state currents either by a symmetric charge distribution within the transporter
protein or due to a exceptionally high turnover rate. Although the prime function of PAT1 may
be amino acid influx followed by intracellular amino acid accumulation, under certain

conditions PAT1 may even serve as an electrogenic proton/amino acid efflux transporter.
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FOOTNOTES
' The abbreviations used are: GABA, y-aminobutyric acid; PAT, proton/amino acid
transporter; PEPT1, peptide transporter 1; MES, 4-Morpholineethanesulfonic acid; HEPES,
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid; TRIS, 2-Amino-2-(hydroxymethyl)-1,3-
propanediol; TEVC, two electrode voltage clamp, GPC, giant patch clamp, V., membrane

potential
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LEGENDS FOR FIGURES

Figure 1 Aand B: Kinetics of proton-dependent activation of amino acid induced
steady-state currents in X. laevis oocytes expressing PAT1.

A. Currents induced by 50 mM glycine (l) and 50 mM GABA (@) were determined as a
function of the extracellular H*-concentration (H*-activity) in the concentration range of 100

nM (pH 7.0) to 3.1 uM (pH 5.5) and apparent K, values were calculated from the mean
currents. B. Apparent K,ﬁ” -value as a function of membrane potential determined in the

presence of 50 mM glycine. Data are presented as mean = SE (n = 11).

Figure 2 Aand B: Apparent substrate affinities of PAT1-mediated transport currents
as a function of membrane potential.

A. Representative PAT1-mediated inward currents induced by different L-Ala concentrations
(0.2 mM to 20 mM) at pH,: 6.5 as a function of membrane potential. B. Apparent substrate
affinity constants of glycine (H); proline (A); taurine ( ); and betaine (@) as a function of
membrane potential in oocytes expressing PAT1 determined by two electrode voltage clamp
in Na*-free perfusion solutions at pH 6.5. Data represent the K, values derived from Eadie-
Hofstee transformations of inward currents as a function of substrate concentration and are
represented as mean + SE of 8 oocytes. For error bars not visible, standard error of means

are smaller than symbols.

Figure 3 A-D: PAT1-mediated inward currents induced by different substrate
concentrations and varying pHout as a function of membrane potential

Upper panel: Currents recorded at 6 different concentrations of glycine (1mM to 20mM) at
extracellular pH 5.0 (A), or pH 6.5 (B) as a function of membrane potential. Lower panel:
Proton-dependent kinetics of glycine-induced currents determined at 6 different pH values
ranging form pH 7.0 to pH 5.5 in the presence of either 2mM glycine (C) or 20mM glycine (D)
as a function of membrane potential. Data are the mean + SE of average currents
determined in 6 individual oocytes. The apparent K, and /. values derived from these

experiments are compiled in Table 1.

Figure 4 A-C: Recordings of I-V relationships and intracellular pH changes in
oocytes expressing PAT1 in the absence of amino acid substrates

Upper panel: Inward currents recorded in oocytes expressing PAT1 (A) or water (B) injected
controls were perfused with Na*-free buffer solutions of 6 different pH-values (pH 7.0 to 5.5.).
Oocytes were clamped to -40 mV, and current-voltage (I-V) relationships were recorded in

the potential range between +20 mV and -140 mV. At the end of the experiment oocytes
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expressing PAT1 were perfused with 20 mM GABA at pH 5.5 and inward currents of 900 +
89 nA were obtained for demonstrating the functional PAT1-expression level. No significant
changes in the reversal potential could be determined between water-injected and PAT-
expressing oocytes upon alterations in pH,: and membrane voltage. Data represent the
mean + SE of at least 8 oocytes in each experiment.

Lower panel: Representative intracellular pH changes (ApH) in oocytes injected with water
or PAT1 cRNA and perfused with buffer pH 7.5 or pH 5.0 in the absence of substrate.
Oocytes were clamped to -40 mV and intracellular pH as well as holding currents were
recorded (holding currents not shown). As a control, at the end of the experiment the
functional PAT 1-expression level was determined by measuring the current and ApH induced
by 20mM glycine at pH 5.0 (current 1704 £ 169 nA; ApH 0.57 £ 0.15; n = 3).

Figure 5 A-D: Comparative analysis of presteady-state and steady-state in oocytes
expressing either PEPT1 and PAT1

Upper panel: Current recordings in the absence of substrates for PEPT1 (A) and PAT1 (B)
with fast capacitive current components obtained for both transporters but a slow presteady-
state current component only present in PEPT1.

Lower panel: Current recordings obtained in the presence of either 20mM glycine-glutamine
in case of PEPT1 (C) or 20mM glycine in case of PAT1 (D) with increased steady currents
observed for both transporters but the presteady-state component virtually completely

suppressed only in case of PEPT1. For further details, see text.

Figure 6: PAT1-mediated amino acid-induced outward transport currents

measured in two electrode voltage clamp experiments.

A representative current trace as obtained in an cocyte expressing PAT1 and clamped at -40
mV while continuously superfused for 4 min with 20mM glycine at pHoy 5.5, followed by a

fast wash out with a substrate-free buffer solution of pH 7.5.

Figure 7 Aand B: Demonstration of PAT1-mediated amino acid efflux.

A. Individual oocytes were injected with 5 nmol of L-Pro (including 1pmol of L-[*H]Pro as a
tracer) and efflux was measured in the absence ( ) or the presence of 20 mM glycine (l),
and alanine (®) in the incubation medium. Efflux of L-[*H]Pro from water-injected control
oocytes is also shown (O).

B. PAT1-mediated efflux of proline from preloaded oocytes (injection of 5 nmol of L-Pro
including 1pmol of L-[°H] per oocyte) as a function of increasing concentrations of glycine

(1TmM to 20 mM) in the incubation buffer. Efflux rates of labelled L-Pro were determined after
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10 min of incubation under the various conditions and represent the mean + SE of at least 8

oocytes per variable.

Figure 8 A-D: PAT1-mediated amino acid-induced outward currents determined in
giant patch clamp experiments.

A. Recording of an |-V relationship as difference curves in the presence and the absence of
increasing concentrations of D-alanine (0 to 50 mM) at the cytosolic side in response to
potential pulses between -80 and +60 mV. The pH of the buffer solutions was 7.5 on both
sides of the membrane. B. Kinetics of D-alanine-induced outward currents as a function of
substrate concentration at pH 7.5 on both sides and holding potentials of +60 mV (H); +30
mV (A) and 0 mV (V). Presented is the mean + SE from 6 different oocytes. Note that K,
values presented in the text and tables are the means of constants as calculated from
individual oocytes. C. Apparent K, values for a variety of substrates as derived from kinetic
analysis of transport for the inward and outward directions. Transport currents for the
outward direction were determined by the GPC technique in Na’-free perfusion solutions
containing the different substrates at a V,, of +60 mV (pH 7.5 at both sides). Transport
currents for inward-directed transport were determined under the same experimental
conditions in TEVC experiments in Na*-free perfusion solutions containing the different
substrates at a V,,, of -60 mV (pH.. 7.5). Based on current-voltage (I-V) relationships K,
values were determined by fitting the data to the Michaelis-Menten equation.

D. Apparent K, values for PAT 1-mediated transport in the outward direction as a function of
membrane potential. Data represent the mean + SE of at least 6 oocytes perfusion with
either glycine (H); proline (A); betaine ( ) or alanine (@). If error bars are visible, standard

error of means is smaller than symbol.
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Table 1: Kinetic constants for H'-dependent and glycine-dependent transport
currents as a function of membrane potential

The apparent K., values for glycine were determined in TEVC studies in individual oocytes at
two different pHy (6.5 and 5.0) using 5 different glycine concentrations (1mM to 20mM).
Additionally, apparent proton affinity constants (K,"'"!) were determined in individual oocytes
at two different glycine concentrations (2mM and 20mM) and at pH-values varying between
7.0 and 5.0. Substrate induced currents were transformed according to Eadie-Hofstee and
K and I, values were calculated by linear regression analysiss. Currents are normalized to
the maximum current observed in an individual oocyte at pHoy 6.5 (I/ljns pHes) or at 2 mM
glycine (/lgy; 2mm)- Km and I values are presented as the mean = SE of at least 6

independent experiments.

Condition Vi (mV) K., Gly (mM) MNones
pH 6.5 -100 9.6+£0.5 1
-60 13.1£1.0 1
-20 13.5+14 1
pH 5.0 -100 55+0.6 1.26 £ 0.10
-60 6.0+ 0.6 1.40+£0.12
-20 6.4+0.5 1.55+0.09
Kn H® (nM) ViGiy) 2mm
2 mM Gly -100 361+ 38 1
-60 554 + 61 1
-20 861+ 80 1
20 mM Gly -100 77 +15 2.37+£0.28
-60 130+ 18 245+0.29
-20 194 + 27 2.37+0.25
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Figure 1
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Figure 2
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Figure 6
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Substrate specificity and transport mode of the proton-dependent

amino acid transporter mPAT2

Martin Foltz, Carmen Oechsler, Michael Boll, Gabor Kottra and Hannelore Daniel

Molecular Nutrition Unit, Center of Life and Food Sciences, Technical University of Munich, Germany

The PAT?2 transporter has been shown to act as an electro-
genic proton/amino acid symporter. The PAT2 cDNA has
been cloned from various human, mouse and rat tissues and
belongs to a group of four genes (pat! to pat4) with PAT3
and PAT4 still resembling orphan transporters. The first
immunolocalization studies demonstrated that the PAT2
protein is found in the murine central nervous system in
neuronal cells with a proposed role in the intra and/or
intercellular amino acid transport. Here we provide a
detailed analysis of the transport mode and substrate spe-
cificity of the murine PAT2 transporter after expression in
Xenopus laevis oocytes, by electrophysiological techniques
and flux studies. The structural requirements to the PAT2
substrates — when considering both low and high affinity
type substrates — are similar to those reported for the PATI
protein with the essential features of a free carboxy group
and a small side chain. For high affinity binding, however,

PAT?2 requires the amino group to be located in an a-posi-
tion, tolerates only one methyl function attached to the
amino group and is highly selective for the L-enantiomers.
Electrophysiological analysis revealed pronounced effects of
membrane potential on proton binding affinity, but sub-
strate affinities and maximal transport currents only mod-
estly respond to changes in membrane voltage. Whereas
substrate affinity is dependent on extracellular pH, proton
binding affinity to PAT2 is substrate-independent, favouring
a sequential binding of proton followed by substrate.
Maximal transport currents are substrate-dependent which
suggests that the translocation of the loaded carrier to the
internal side is the rate-limiting step.

Keywords: electrophysiology; functional characterization;
proton symporter; substrate recognition; transport mode.

The proton/amino acid transporter family PAT (SLC36)
has been identified from human, mouse and rat origin
during the last three years [I-7]. The PAT family is
comprised of four members (PATI-PAT4, SLC36A1-4),
the PAT proteins consist of around 470-500 amino acids
and are thought to represent integral membrane proteins
with a > 60% similarity to each other [§]. The orthologous
proteins from mouse, rat and human show an identity of
more than 90% to each other. The expression pattern of the
four different transporter mRNAs is quite different. The
PATI1 mRNA shows widespread expression with high levels
in brain, intestine and kidney whereas the PAT2 mRNA is
highly abundant in lung, kidney and brain. PAT3 mRNA
is found solely in testis, whereas PAT4 mRNA shows
ubiquitous expression [8].

So far, only PAT1 and PAT2 have been characterized
functionally. They have an exceptional position among the
mammalian amino acid transporters, as they act as electro-
genic amino acid/proton symporters. Transport is depend-

Correspondence to H. Daniel, Center of Life and Food Sciences,
Technical University of Munich, Hochfeldweg 2, D-85350 Freising-
Weihenstephan, Germany. Fax: + 49 8161 71 3999,

Tel.: + 49 8161 71 3400, E-mail: daniel@wzw.tum.de
Abbreviations: GABA, y-aminobutyrate; PAT, proton/amino acid
transporter; mPAT2, murine proton/amino acid transporter 2;
OH-Pro, L-4-hydroxyproline; I-V, current—voltage.

(Received 7 May 2004, revised 21 June 2004, accepted 24 June 2004)

ent on the extracellular pH, but is independent of sodium,
chloride, and potassium ions [1,2,4,7]. Moreover, PAT1 and
PAT?2 mediated amino acid influx leads to a pronounced
intracellular acidification [2,9] by cotransport of the zwit-
terionic amino acid substrates and protons with a stoichio-
metric coupling of 1 : 1 as shown for the model substrate
L-proline [2]. Substrates of both transporters are the small
apolar amino acids glycine, L-alanine, and L-proline [1,2,4—
8]. Besides these common functional properties, distinct
differences became obvious within substrate recognition
and electrophysiological characteristics of the two trans-
porters. PAT2 represents the high affinity transporter type
with apparent K, values for its substrate in the range
of 100-700 pm, whereas those of PAT1 are in the range of
1-15 mm [2,7,9,10]. PATI1 recognizes, besides L-o0 amino
acids, a number of additional substrates, e.g. B-alanine,
y-aminobutyrate (GABA), betaine, p-Ser, and D-Ala
[1,2,5,6,9], whereas for the PAT2 transporter only sarcosine
has been identified as an additional high affinity substrate
beside the normal L-o amino acid substrates [2,10].

Recent studies on PAT1 suggest it to play a dual role in
mammalian cells [8]. Based on its localization in lysosomal
membranes in neurons [1,6] it is considered to act as an
export system for amino acids out of lysosomes after their
intralysosomal release from proteolytic processes. However,
in intestinal epithelial cells PAT1 is responsible for the
proton-dependent absorption of small amino acids and
derivatives in the small intestine, as shown by its endo-
genous functional expression in the apical membrane of the
human intestinal cell line Caco-2 [4,11]. In contrast, the
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physiological role of the PAT2 transporter is currently not
known. We previously reported the PAT2 protein expres-
sion pattern in the mouse brain [10] and demonstrated that
it is highly expressed in N-methyl-D-aspartate receptor
positive neuronal cells throughout the central nervous
system. The subcellular localization differs markedly from
that of PATI in neuronal cells with a lack of detection in
lysosomes, but localization in recycling endosomes and
endoplasmatic reticulum. Whether the endoplasmatic reti-
culum localization is due to a specific role of PAT2 in this
compartment or whether it just represents newly synthesized
transporters is not clear yet. The localization in recycling
endosomes suggests a possible insertion of PAT2 into the
neuronal plasma membrane and we proposed PAT2 as a
candidate protein for the still missing Na * -independent low
affinity glycine transport system in the central nervous
system [12,13]. PAT2 could be responsible, along with the
high affinity glycine transporters GLYT1 and GLYT?2, for
the regulation of intracellular and extracellular concentra-
tions of glycine that modulate glycinergic and glutamatergic
neurotransmission [14,15]. Moreover, Bermingham et al.
suggested a role for PAT?2 in the differentiation of Schwann
cells in rat sciatic nerves [3]. In other tissues than the nervous
system, cellular and subcellular expression pattern of the
PAT?2 protein have not been examined so far, although the
mRNA is expressed in various organs such as in lung,
kidney, and heart [2,5,7].

To get a better understanding of the physiological function
of the PAT2 transporter in the various cell types and
organelles, we here provide a detailed functional analysis of
the murine PAT2 (mPAT2) protein when expressed in
Xenopus laevis oocytes. We explored the substrate recognition
parameters and describe the critical features for high affinity
substrate binding. Moreover, we demonstrate that there is no
proton-leak pathway and that the kinetic parameters depend
on the membrane potential and the proton electrochemical
gradient that in turn support the existence of an ordered
binding mechanism for protons and substrate.

Materials and methods

Materials

All experiments with Xenopus laevis followed our institu-
tional guidelines for care and handling of laboratory
animals, in full agreement with the German guidelines,
and the studies were approved by the state ethics committee.
Xenopus laevis frogs were purchased from Nasco (Fort
Atkinson, WI, USA). Amino acids and related compounds
were obtained from Sigma Chemie (Deisenhofen, Germany)
or Merck (Darmstadt, Germany) of pro analysi quality.
Salts and all other chemicals were obtained from Sigma and
Carl Roth AG (Karlsruhe, Germany) of pro analysi quality.
L-[3,4-*H]proline (specific activity 60 Cirmmol™") was pur-
chased from ICN (Irvine, CA, USA). Collagenase A was
obtained from Roche Molecular Biochemicals (Mannheim,
Germany).

Xenopus laevis oocytes handling and cRNA injection

Oocytes were treated with collagenase A (Roche Diagnos-
tics) for 1.5-2 h at room temperature in Ca”" -free ORII

Functional properties of mPAT2 (Eur. J. Biochem. 271) 3341

solution (82.5 mm NaCl, 2 mm KCI, 1 mm MgCl, and
10 mm Hepes, pH 7.5) to remove follicular cells. After
sorting, healthy oocytes of stage V and VI were kept at
18 °C in modified Barth solution containing 88 mm NaCl,
I mm KCI, 0.8 mm MgSO4 04 mm CaCly, 0.3 mm
Ca(NOs),, 2.4 mm NaHCO; and 10 mm Hepes (pH 7.5).
The next day oocytes were injected with 27 nL sterile water
(control) or 27 nL mPAT2-cRNA (27 ng cRNA-oocyte™ ).
The oocytes were kept in modified Barth solution at 18 °C
until further use (3-5 days after injection).

Amino acid uptake

Ten oocytes (water- or cRNA-injected) per uptake experi-
ment were preincubated at room temperature for 2 min in
Na " -free standard uptake buffer (100 mm choline chloride,
2mMm KCl, 1 mm MgCl, 1 mm CaCl,, 10 mm MES
pH 6.5). The buffer was then replaced by the respective
uptake buffer supplemented with 100 pm L-proline inclu-
ding 1-3,4-*H]proline as a tracer (5 pCimL™") without
(control) or with the addition of 10 mm of the test
compounds. After 10 min of incubation, the oocytes were
washed three times with 3 mL of ice cold uptake buffer and
immediately distributed to individual vials. After oocyte
lysis in 10% (w/v) SDS, radioactivity was counted by liquid
scintillation.

Two-electrode voltage clamp

Two-electrode voltage clamp experiments were performed
as described previously [2]. Briefly, the oocyte was placed in
an open chamber and continuously superfused with incu-
bation buffer (100 mm choline chloride, 2 mm KCI, 1 mm
MgCl,, 1 mm CaCl,, 10 mm MES or HEPES at pH 5.5—
8.5) in the absence or presence of amino acids. Oocytes were
voltage clamped at —60 mV, and current-voltage (I-V)
relations were measured using short (100 ms) pulses separ-
ated by 200 ms pauses in the potential range —160 to
+80 mV. -V measurements were made immediately
before and 20-30 s after substrate application when current
flow reached steady state. The current evoked by PAT2 at a
given membrane potential was calculated as the difference
between the currents measured in the presence and the
absence of substrate. Substrate concentration kinetics were
constructed from experiments employing five different
amino acid concentrations in Na*-free buffer at pH 6.5
with five to seven individual mPAT2 expressing oocytes
from at least two different oocyte batches for each substrate.
The buffer pH of 6.5 was chosen to measure under full
proton saturating conditions and additionally to ensure
high enough inward currents even at lower expression level.
Substrate-evoked currents were transformed according to
Eadie-Hofstee and after linear regression the apparent
substrate concentrations that cause half-maximal transport
activity (apparent K,) were derived. Kinetics of substrate
transport as a function of external proton concentration
(apparent proton activity) were performed under substrate
saturation with either 20 mm alanine or proline. The
standard incubation medium was buffered with 10 mm Tris
and adjusted to pH values between pH 7.5 and pH 9.0. The
apparent K, values for proton binding were derived by
linear regression after Eadie-Hofstee transformation of
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inward currents induced by six different external pH values.
Data points in all cases could be best-fit by linear regression
analysis after transformation according to Eadie-Hofstee to
a single kinetic term excluding the possibility that kinetic
parameters are substantially affected by unspecific proton
binding effects or via an allosteric proton binding site.

Statistics

All calculations (linear as well as nonlinear regression
analyses) were performed using PRISM software (version
4.01, GraphPad, San Diego, CA, USA). Data are presented
as mean + SEM. If error bars are not visible within the
graphs, they are smaller than the symbols. Statistically
significant differences were determined using ANOVA
analysis followed by Newman—Keuls multiple comparison
test.

Results

To elucidate the minimal structural requirements which
determine the high affinity phenotype of PAT2 a set of
amino acids and derivatives divided into different categories
with differences in (a) side chain size, (b) backbone length,
(c) O- and N-methyl substitutions, (d) stereochemistry and
(e) polarity were analysed.

The size of the amino acid side chain was shown to be
a critical determinant for substrate interaction with PAT?2.
Only glycine and alanine were able to induce comparable
inward currents in oocytes expressing PAT2 with a high
affinity interaction (Fig. 1A and Table 1). The elongation
of the side chain by just by one CH, unit leading to L-o-
amino butyric acid led to a dramatic decrease in substrate
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affinity and transport currents (Table 1) and further side
chain elongations completely abolished substrate—
PAT2 interactions (Table 1). The intramolecular distance
between the charged amino- and carboxy-head groups is
an even stronger recognition criterion for high affinity.
The introduction of one CH, unit as in p-alanine
substantially reduced PAT2-mediated inward currents
paralleled by a pronounced decline in affinity, when
compared to glycine or alanine (Table 1). Whereas a
further elongation of the backbone as in GABA further
decreased inward currents and affinity, d-aminopentanoate
or g-aminohexanoate failed to induce any transport
currents (Table 1). Methyl-substitutions at the amino- or
carboxy-group of the o-amino acids had a differential
effect on substrate affinity and transport by PAT2.
O-methyl esters of glycine or alanine do not serve as
substrates whereas a single N-methylation as in sarcosine
is well tolerated as shown by high affinity interaction and
high transport currents. However incorporation of a
second and third methyl moiety at the amino group as in
N,N-dimethylglycine and betaine led to a sequential
reduction in PAT2 transport currents as well as markedly
lower binding affinity (Fig. 1C and Table 1).

PAT?2 does not discriminate completely between p-amino
acids as substrates but shows a structure-dependent enan-
tioselectivity. Out of the tested p-amino acids, only D-pro-
line was able to interact in a high affinity mode, D-serine and
D-alanine displayed much lower affinities and for p-cysteine
no interaction was been observed (Table 1). Interestingly,
transport currents of the three interacting b-amino acids are
not very different to each other despite quite marked
differences in affinity, but were substantially lower to those
of the reference substrate glycine. This is striking in the case
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Fig. 1. Substrate specificity of mPAT2. (A,B) Representative current traces of oocytes expressing mPAT2 in response to perfusion with 20 mm of
the different substrates in Na *-free buffer at pH 6.5. (C,D) Inhibition of [*H]proline uptake by L-o-amino acids with increasing side chain length
(C) or various N-methylated glycines (D). Data represent the specific PAT2-mediated proline uptake in the absence (filled bar) or presence (hatched
bars) of 10 mm of competing test compound in Na " -free buffer at pH 6.5 (mean + SEM, n = 6-8); *** P < 0.001.
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Table 1. Apparent substrate affinities and transport currents of amino acids and derivatives as well as the corresponding inhibitory effect on the uptake
of the radiolabelled tracer proline as determined for mPAT?2 after expression in Xenopus oocytes. Substrate dependent inward currents as a function of
substrate concentration were recorded and transformed according to Eadie-Hofstee to derive the apparent K, values by linear regression analysis.
Data are presented as the mean + SEM of n = 5-7 oocytes in each experiment. %>y mm (Igly = 100%), data are presented as normalized currents
(mean £ SEM, n = 5-7) for every test compound at 20 mm relative to the maximal currents of 20 mm glycine at pH 6.5 and at a membrane
potential of =60 mV. Compounds with an I ;v not higher than background values as observed in water-injected oocytes (P > 0.05, Students
paired t-test) are given as < 5%. Uptake of L-["H]proline (100 pm) was measured at pH 6.5 for 10 min in the presence of unlabeled amino acids
and derivatives at a fixed concentration of 10 mm and are given as percentage inhibition of the control uptake measured in the absence of inhibiton.

Data are means = SEM (n = 8-10). ND, not determined.

Substrate Apparent K, value (mm)

Y%l mm (Igy = 100%) % Inhibition of control uptake

Elongation of the side chain

glycine 0.59 + 0.04*
L-Alanine 0.25 + 0.05%
L-o-Aminobutyric acid 20.0 £ 1.5
L-Norvaline ND
L-Norleucine ND
Elongation of the backbone
B-Alanine 148 £ 2.5
y-Aminobutyric acid > 25%
8-Aminopentanoic acid ND
e-Aminohexanoic acid ND
O-Methyl substitution
O-Methyl-glycine ND
O-Methyl-alanine ND
N-Methylated glycines
Sarcosine 0.21 + 0.01*
N,N-dimethylglycine 147 £ 24
Betaine > 25
p-Enantiomers
D-Alanine 6.5 £ 1.1*
D-Serine 147 £ 0.5
p-Cysteine ND
D-Proline 0.25 £ 0.09
Polar L-o-amino acids
L-Ser > 25°
L-Cys ND
L-4-Hydroxy-proline 0.72 £ 0.10

100 90.5 £ 23
65.3 £ 2.6% 959 £ 1.5
10.6 £ 2.0 259 £ 7.3
<5 229 £ 7.6
<5 <5
36.6 £ 0.7 599 £ 1.3
153 £ 09 28.5 £ 5.7
<5 <5
<5 10.5 + 84
<5 <5
<5 6.0 £ 34
93.8 + 3.4 943 £ 1.2
342 £ 2.5 553 £ 54
94 £ 19 269 £ 7.0
312 £ 1.9 ND
254 £+ 2.1 ND
<5 ND
299 + 0.7 ND
14.5 £ 0.6* <5
<5 <5
372 £ 1.3 ND

* Ky and %Iy v values taken from our previous studies [2,10].

of praline, with 30% of maximal glycine currents at 20 mm
concentration and a fairly high affinity of 0.25 = 0.09 mm.
This may be interpreted as the first evidence for a restricted
velocity in the translocation step of the loaded transporter
by the sterical conformation of the substrate.

The introduction of polar side groups in the aliphatic
o-amino acids led to dramatic decreases in transport
currents and affinity, as shown for L-cysteine and L-serine
(Table 1). However, the polar residue in rL-4-hydroxy-
proline (OH-Pro) was able to interact in a high affinity
mode, although transport currents were substantially smal-
ler when compared to those of glycine. We also studied the
potency of various compounds for inhibition of PAT2-
mediated proline uptake in Xenopus laevis oocytes. The
inhibition rates were in close relationship to the apparent
affinities as determined by electrophysiology, as shown for
a-amino acids with increasing side chain length as well as for
the N-methylated glycines (Fig. 1C,D). This correlation was
also observed with all other tested amino acids (Table 1).

Concentration dependent substrate induced transport
currents always followed single component saturation

kinetics, as shown for D-proline and [-alanine (Fig. 2).
Substrate affinities were, for most compounds, only mod-
estly dependent or independent on changes in membrane
potential (Fig. 3A). The apparent K, values of D-Pro,
D-Ala and OH-Pro increased only 1.5- and 2.1-fold by
depolarizing the membrane from —120 to —20 mV. On the
other hand, the affinity of B-Ala did not change significantly
within this potential range. Maximal transport currents for
the various substrates are essentially independent of the
membrane potential (Fig. 3B) with changes of less than
30% by alterations of membrane voltage from —120 to
—20 mV for all tested substrates.

Next, we addressed the question of whether the substrate
affinity depends on extracellular pH, by determining the
apparent K, values of glycine and alanine at pH values of
pH 5.5-8.5 (Fig. 4) and a broad range of membrane
potentials. At hyperpolarized membrane potentials K,
values of glycine and alanine were relatively insensitive
towards voltage (Fig. 4A,B). When increasing the pH in the
extracellular medium, voltage dependence of the K, values
became pronounced with a severe reduction in affinity at
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Fig. 2. PAT2-mediated inward currents as a function of substrate con-
centration. PAT2 expressing oocytes clamped at —60 mV were per-
fused with increasing concentrations (0.25-20 mm) of p-proline (CJ) or
B-alanine (O) at an extracellular pH of 6.5. The curves were fitted to a
Michaelis-Menten kinetic by nonlinear regression analysis (R* = 0.78
and 0.81, respectively). Data represent the mean £ SEM (n = 5).

neutral and more alkaline pH values for both amino acids at
a membrane potential of —60 mV (Fig. 4C). This strongly
suggested that the apparent proton concentration (activity)
at the outside substrate binding domain affects substrate
affinity in a voltage-dependent manner. We therefore varied
the extracellular pH from pH 9.0-7.5 at saturating substrate
concentration (20 mm alanine or proline) in small pH-steps
and recorded currents in the membrane potential range
from —140 to +20 mV. As shown in Fig. 5A inward
currents increased by lowering extracellular pH, and
followed Michaelis—Menten kinetics as a function of exter-
nal proton concentration, as shown for various voltage steps
in Fig. 5B. After Eadie-Hofstee transformation, for each
recorded membrane potential the apparent proton binding
affinity constant (apparent K, value) was determined. The
data in all cases could be fitted best to a single kinetics,
almost excluding a significant contribution of nonspecific
pH-effects and excluding a co-operative (e.g. allosteric)
proton binding mechanism. Apparent proton affinities in
the presence of alanine and proline at —60 mV were as high
as0.83 + 0.21 nmand 0.49 £ 0.10 nm, respectively. These
values correspond to a pH of 9.1 and pH 9.3 and suggest
that PAT2 under physiological conditions at extracellular
pH values of 6.8-7.4 operates essentially independent of pH.
The apparent proton binding affinities at a given membrane
potential were independent of the substrate used but highly
dependent on the membrane potential (Fig. 5C). A depo-
larization of the oocyte membrane from —120 mV to
—20 mV led to a 10- to 15-fold decrease in apparent proton
affinity in the presence of substrate which suggests that
membrane voltage changes are the most critical parameters
in PAT2-mediated transport in vivo.

To asses whether PAT2 possesses a proton shunt
pathway in the absence of substrate by a channel/pore like
activity in an uncoupled mode, pH jump studies were
performed. Accordingly, membrane potential-dependent
currents in PAT2-expressing oocytes were recorded at
pH 9.0 and pH 7.5 in the absence of any substrate
(Fig. 5D). The I-V relationship did not significantly change
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Fig. 3. Apparent K, and V,,, of various amino acids as a function of
the membrane potential in PAT2 expressing oocytes. Membrane
potential dependency of the apparent Ky, (A) and V.« (B) values of
B-alanine (OJ), p-alanine (A), OH-proline (<), and p-proline (O) at
pH 6.5. Data represent the mean + SEM (n = 5-7).

in response to the pH jump. Moreover, the reversal
potential only shifted slightly from —24 mV to —19 mV.
This suggests that PAT2 does not have any detectable
proton leakage. In the presence of substrate however, the
reversal potential shifted markedly to more positive poten-
tials, e.g. from —2 mV to +20 mV by lowering extracellular
pH from pH 9.0 to pH 8.7 as a measure of substrate-
coupled proton cotransport (Fig. 5A).

Discussion

In previous studies on the substrate recognition pattern of
PAT1 [9] we were able to demonstrate that this
transporter has a broader substrate spectrum that
includes not only the amino acids glycine, alanine, serine
and proline but also osmolytes such as sarcosine and
betaine, and the p-enantiomers of serine and alanine. The
apparent affinities of PAT1 substrates are mainly in the
range of 2-15 mm [1,2,4,6,9]. As shown here, PAT2 is a
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Fig. 4. Substrate apparent K, values as a function of the extracellular
pH. (A,B) Membrane potential dependency of the apparent K, values
of glycine (A) and L-alanine (B) at the extracellular pH 8.5 (O), pH 7.5
(A), pH 6.5 (), and pH 5.5 (O) in PAT2 expressing oocytes. (C)
Apparent K;,, values of glycine ((J) and L-alanine (O) — depicted from
(A) and (B) — as a function of the extracellular pH at =60 mV. Data
represent the mean = SEM (n = 4-7); *** P < 0.001; **, P < 0.01
when compared with the corresponding values at pH 7.5.

high affinity type amino acid proton symporter that has a
more restrictive specificity. In contrast to PAT1, PAT2
preferentially recognizes o-amino acids, whereas B-alanine
and GABA are low affinity substrates and betaine seems
not to be recognized by PAT?2.

Functional properties of mPAT2 (Eur. J. Biochem. 271) 3345

When considering both the high (K}, = 0.1-1 mm) and
low affinity (K, = 5-15 mwm) type substrates of PAT2 iden-
tified, (a) an unsubstituted negatively charged (carboxy-)
group, (b) the small size of the side chain (maximally two
CHj; units), and (c) a distance not exceeding three CH, units
between the charged amino- and carboxy-head groups, are
the common and essential substrate features. But PAT2 in
contrast to PATI tolerates only one (methyl-) substitution
at the amino group as in sarcosine. Interestingly, all tested
prolines (L-Pro, p-Pro and 1-OH-Pro) are recognized as
high affinity substrates by PAT2 with p-Pro as the only
p-amino acid, and L-OH-Pro as the only polar amino acid
accepted with high affinity. Although only speculative, the
rigid ring structure of proline may cause a different
orientation of the substrate within the substrate binding
site of PAT2, and this may simultaneously avoid the
interference of the polar side chain with corresponding
amino acid residues in the binding pocket. Whether other
proline derivates also serve as substrates of PAT2, as
recently shown for its paralog PATI1 [11], is presently not
known.

Membrane potential and extracellular pH have quite
diverse effects on the kinetics of transport by PAT2.
Maximal transport velocity was only moderately affected by
both membrane potential and extracellular pH within the
physiological ranges. This appears to be a unique feature of
PAT2. Similar electrogenic proton-dependent symporters
such as PAT1 (M. Foltz, unpublished observation) or the
peptide transporters PEPT1 do show a much more
pronounced voltage-dependence of maximal transport
currents [16].

In contrast to V., apparent substrate affinity strongly
decreased more than 7.5-fold when extracellular pH was
increased from pH 6.5 to pH 8.5. The effect of membrane
potential on substrate affinity is also highly dependent on
extracellular pH. Under proton saturation conditions
(pH < 7.5), apparent K, values were only modestly
(around 2-fold) affected by a voltage change from
—120 mV to —20 mV whereas at pH 8.5 the voltage effects
became apparent with a severe reduction in affinity at low
membrane potential. Apparent proton affinity also
decreased substantially by depolarization suggesting that
the lower substrate affinities under nonsaturating external
proton concentrations is mainly a consequence of the
decreased proton activity. The extraordinary high affinity of
protons for binding to PAT2 with less than 1 nm at
physiological membrane voltages suggests that pH changes
in the physiological range do not affect transport activity at
all. Moreover, affinity of proton binding is not dependent
on substrate, whereas the affinity of the substrate is
significantly dependent on the actual extracellular proton
concentration. This argues for an ordered binding mechan-
ism where the proton binds before the substrate enters the
binding domain. Proton transfer to the internal membrane
side however, requires the substrate as no intrinsic proton
leak or uncoupled proton/charge movement could be
observed. A pronounced pH-dependent shift in reversal
potential was observed in the presence of substrate and we
have previously shown that PAT2 couples proton move-
ment to substrate movement with a 1 :1 flux coupling
stoichiometry. The shift in reversal potential however, was
smaller than theoretically predicted for cotransport of a
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Fig. 5. Proton kineticsin PAT2 expressing oocytes. (A) I-V relationship of PAT2 mediated currents induced by 20 mm alanine at extracellular pH 9.0
(O), pH 8.7 (A), pH 8.4 (), pH 8.1 (O), pH 7.8 (M), and pH 7.5 (@). (B) PAT2 mediated currents as a function of the extracellular proton
concentration at various membrane potentials: 0 mV (H), =20 mV (A), =40 mV (#), —60 mV (@), —100 mV (A), and —140 mV (O). Data from (A)
were transformed for Michaelis-Menten presentation, pH values are expressed as the corresponding proton concentrations. (C) Apparent K, values
of protons in the presence of proline ((J) and L-alanine (O) as a function of the membrane potential. (D) I-V relationship of non substrate currents in
PAT?2 expressing oocytes at different extracellular pH values. Oocytes were perfused with standard Na " -free buffer at pH 9.0 ((J) and pH 7.5 (O).
Twenty seconds after pH changes the I-V relationship was recorded in the absence of substrate. Data represent the mean = SEM (n = 6).

single positive charge (61 mV-pH unit™") at an assumed
intracellular pH of about 7.5. This deviation most likely
results from rapid changes in intracellular pH during the
first 20 s of substrate perfusion before the [-V curves were
recorded, and such a significant decline in intracellular pH
was shown previously by intracellular pH recordings [2,9].
Although the data provide evidence for an ordered process
in proton and substrate binding, what appears to be a novel
feature of PAT2 are the quite impressive differences in
maximal transport activity (at least maximal transport
currents) elicited by the different substrates. Most strik-
ingly, substrates with essentially the same affinity such as
L-alanine (0.25 mm), sarcosine (0.21 mm), D-proline
(0.25 mm) or L-4-OH-Proline (0.72 mm) display 7., values
of 65 + 3,94 + 3,30 £ 1 and 37.2 = 1% of the I .
currents induced by glycine in the same oocytes (Table 1).
This can only be taken as an indicator that the transloaction
of the loaded transporter to the internal membrane side is
the rate-limiting step and not — as proposed for most of the
other electrogenic symporters — the return of the unloaded
transporter to the outside of the membrane [17].

In summary, we show that the mPAT2 protein when
expressed heterologously in Xenopus oocytes has more
restricted substrate specificity and a distinctly different
dependence on membrane potential and pH than its
paralog PAT1. PAT2 in its physiological setting is
predicted to operate independent of pH by its extremely
high external proton binding affinity, and substrate

affinity is also only affected via the pH dependence at
depolarized potentials. Maximal transport activity is also
only modestly dependent on membrane voltage and pH
but strongly dependent on the substrate. An ordered
proton and substrate binding process is followed by
translocation of the loaded carrier — as the rate-limiting
step — with delivery of substrate and cotransported ion to
the internal side. The lack of transport of the two
neuroactive compounds D-Ser and GABA appears par-
ticularly interesting with respect to PAT2 expression in
the mammalian central nervous system [10].
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H*/Amino Acid Transporter 1 (PAT1) Is the Imino Acid Carrier:
An Intestinal Nutrient/Drug Transporter in Human and Rat
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Background & Aims: Amino acid (and related drug)
absorption across the human small intestinal wall is
an essential intestinal function. Despite the revelation
of a number of mammalian genomes, the molecular
identity of the classic Nat-dependent imino acid
transporter (identified functionally in the 1960s) re-
mains elusive. The aims of this study were to deter-
mine whether the recently isolated complementary
DNA hPAT1 (human proton-coupled amino acid trans-
porter 1), or solute carrier SLC36A1, represents the
imino acid carrier; the Na*-dependent imino acid
transport function measured at the brush-border
membrane of intact intestinal epithelia results from a
close functional relationship between human proton-
coupled amino acid transporter-1 and Na*/H*t ex-
changer 3 (NHE3). Methods: PAT1 function was mea-
sured in isolation (Xenopus laevis oocytes) and in
intact epithelia (Caco-2 cell monolayers and rat small
intestine) by measurement of amino acid and/or H*
influx. Tissue and membrane expression of PAT1 were
determined by reverse-transcription polymerase chain
reaction and immunohistochemistry. Results: PAT1-
specific immunofluorescence was localized exclu-
sively to the luminal membrane of Caco-2 cells and
human and rat small intestine. The substrate speci-
ficity of hPAT1 is identical to that of the imino acid
carrier. In intact epithelia, PAT1-mediated amino acid
influx is reduced under conditions in which NHE3 is
inactive. Conclusions: The identification in intact epi-
thelia of a cooperative functional relationship be-
tween PAT1 (H*/amino acid symport) and NHE3
(Na*/H* exchange) explains the apparent Na* depen-
dence of the imino acid carrier in studies with mam-
malian intestine. hPAT1 is the high-capacity imino
acid carrier localized at the small intestinal luminal
membrane that transports nutrients (imino/amino ac-
ids) and orally active neuromodulatory agents (used
to treat affective disorders).

he intestinal absorption of many nutrients and drug

molecules is mediated by ion-driven transport
mechanisms in the intestinal enterocyte luminal mem-
brane. Clearly, the establishment and maintenance of the
driving forces (transmembrane and transepithelial ion
gradients) are vital for maximum absorption to proceed.!
Intestinal absorptive capacity is thus dependent on the
cooperative activity of discrete transport processes in-
volved directly in absorption and on those that mediate
cellular (ion) homeostasis. Dietary protein is absorbed
across the luminal membrane of the human small intes-
tine in the form of small peptides (di/tripeptides) and
amino acids.? All di/tripeptide absorption can be ac-
counted for by the function of a single transporter, the
H™"-coupled di/tripeptide transporter hPepT1.?> In con-
trast, amino acid transport across the intestinal brush-
border membrane is mediated via a number of distinct
transport systems that vary in substrate selectivity and
ion coupling.? Recent genomic revelations have allowed
most mammalian amino acid transport functions to be
attributed to specific gene products: at least 52 amino
acid transporter—related gene products are grouped

Abbreviations used in this paper: ABA, aminobutyric acid; BCECF,
2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein; BBMV, brush-border
membrane vesicles; bp, base pair; cAMP, 3’,5'-cyclic monosphos-
phate; EIPA, N-(ethyl-N-isopropyl)-amiloride; GABA, +y-aminobutyric
acid; hPAT1, human proton-coupled amino acid transporter 1; hPepT1,
human intestinal di/tripeptide transporter; HRPE, human retinal pig-
ment epithelial; Ki, inhibition constant; K., Michaelis constant;
LYAAT1, lysosomal amino acid transporter-1; MeAlB, methylamino-
isobutyric acid; MeLeu, methyl-leucine; mPAT41, mouse proton-coupled
amino acid transporter 1; NHE, Na*/H* exchanger; PAT, proton-cou-
pled amino acid transporter; PCR, polymerase chain reaction; PepT1,
di/tripeptide transporter; pH;, intracellular pH; rBAT, related to b+
amino acid transporter; VIP, vasoactive intestinal polypeptide.

© 2004 by the American Gastroenterological Association
0016-5085/04,/$30.00
doi:10.1053/j.gastro.2004.08.017



Appendix 8

183

November 2004

within 12 solute carrier families.* Despite this wealth of
information, some intestinal brush-border membrane
amino acid transport systems (as characterized by func-
tional studies) have yet to be identified at the molecular
level.5-¢ In addition, it is not known how some amino
acids (including orally delivered therapeutic agents such
as D-cycloserine, D-serine, and betaine)’ are absorbed
across the human small intestine. Only with knowledge
of the substrate selectivity (and, therefore, the structural
limitations of the active centre),'? ion dependency, tissue
distribution, and membrane localization of transporters
involved in both nutrient and drug absorption can ratio-
nal approaches to drug design and treatment of absorp-
tive disorders be implemented.

The degree of understanding of the mechanisms in-
volved in nutrient and drug transport across the human
small intestine is limited by the lack of availability of
viable human tissues and the interspecies variability
observed in studies with animal small intestine.>-¢-!1-15
Our own studies using confluent monolayers of the hu-
man intestinal epithelial cell line Caco-2 describe a low-
affinity, high-capacity, proton-coupled amino acid trans-
porter (PAT) at the brush-border membrane.!¢-20 PAT
transports the small zwitterionic amino acids glycine,
proline, and alanine!”-'? and a number of orally admin-
istered compounds, including D-serine (used in the treat-
ment of schizophrenia),®'819 betaine (used in the treat-
ment of homocystinuria),?!?2! and D-cycloserine (used as
an orally delivered antibiotic and in the treatment of
schizophrenia).”'820 In addition, PAT transports the
neurotransmitter y-aminobutyric acid (GABA),?° several
GABA analogues (e.g., nipecotic acid, isonipecotic acid,
and 3-amino-1-propanesulfonic acid)?® that function as
GABA receptor agonists or reuptake inhibitors,?? and
the conditionally essential amino acid taurine (which in
humans is derived partly from dietary sources, with a
particular requirement for absorption in the neonate).??
Because of the clear potential of this high-capacity trans-
port system to play essential roles in both nutrient and
drug absorption, it is perhaps surprising that there are
apparently no reports of an H* -coupled, PAT-like amino
acid transporter in studies with “real” mammalian small
intestine.

From the 1960s onward, several groups described a
transport system in rat small intestine, named variously
the sarcosine carrier,'92%25 imino acid carrier,'*'2 and
methionine-insensitive sarcosine-glycine-proline system.?° It is
clear from examination of the literature that this rat
intestinal transporter (from now on called the imino acid
carrier) has a similar substrate specificity to PAT charac-
terized in human (Caco-2) enterocytes.'®2° Neverthe-
less, reference to the imino acid carrier in recent litera-

INTESTINAL H*-COUPLED AMINO ACID ABSORPTION 1411

ture is limited, because most reviews describe a
transporter called the IMINO carrier,?’-2? characterized
in studies with rabbit jejunal brush-border membrane
vesicles (BBMV).¢ An assumption has perhaps been made
that the rat imino acid transporter and the rabbit IMINO
carrier represent species-specific variants of a single trans-
port system (the corresponding mechanism in human
intestine is unclear because system PAT has generally
been ignored). However, the substrate specificity and ion
dependency of the imino acid and IMINO carriers are
very different.>¢131> The IMINO carrier has a strong
preference for imino acids® and excludes many substrates
of the imino acid carrier, including a-aminoisobutyric
acid, glycine, B-alanine, and GABA>¢ (all good sub-
strates for PAT).16:1920 In addition, the IMINO carrier
has a strong preference for L-proline over D-proline,
whereas the imino acid carrier and PAT do not discrim-
inate between these L- and D-enantiomers.>®!'? It is
interesting to note that of all the classic amino acid
transport systems described functionally, the molecular
identity of any imino acid/IMINO carrier(s) has yet to be
revealed.

The human proton-coupled amino acid transporter 1
(hPAT1), or solute carrier SLC36A1, is a complementary
DNA (cDNA) isolated recently from a Caco-2 cDNA
library that mediates PAT-like function when expressed
in heterologous cell types.?° The substrate specificity of
hPAT1 is identical to that of the endogenous PAT
system in Caco-2 cells.'?30 The similarity in substrate
specificity among hPAT1, endogenous PAT, and the rat
imino acid carrier suggests that hPAT1 may represent
the molecular identity of the human form of the rat
imino acid carrier. However, initial comparisons suggest
that there are apparently incontrovertible differences in
ion dependency. hPAT1, when expressed in isolation
(in human retinal pigment epithelial (HRPE) cells or
Xenopus laevis oocytes), functions in an H ' -coupled, pH-
dependent, Na*-independent manner.3*3! In contrast,
the imino acid and IMINO carriers are described as being
Na* dependent.>-6 There is, however, an additional dif-
ference between rabbit and rat: transport in intact intes-
tinal tissues is Na* and C1~ dependent in the rabbit (and
guinea pig) but is only partially Na® dependent (60%)
and is Cl~ independent in the rat.>!%!> The Na™ depen-
dence of the rabbit IMINO carrier is unequivocal: this
has been shown with jejunal BBMV.¢ In contrast, there
are no reports of the Na™ dependence of the imino acid
carrier with rat intestinal BBMV, and although a slight
Na* dependence in L-proline uptake was observed in
human intestinal BBMV from both adult®*? and fetal?

tissues, no overshoot was reported.
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The partial Na®™ dependency of imino acid transport in
studies with intact tissue preparations is reminiscent of that
observed with the di/tripeptide transporter (PepT1).34-37
The PepT1 clone is an H*-coupled transporter that func-
tions independently of extracellular Na* after heterologous
expression.23¢ The driving force (the H' electrochemical
gradient) for H-coupled nutrient transport in the small
intestine is present at the luminal surface as an area of low
pH (pH 6.1-6.8) called the acid microclimate.333° In intact
tissue preparations, dipeptide transport shows partial Na*
dependence, whereas no Na* dependence is observed in
studies that use intestinal BBMV.3* These apparently
anomalous observations can be explained; in intact intesti-
nal epithelia, there is a close functional coupling between
PepT1 and the apically localized Na*/H™ exchanger 3
(NHE3) such that only with the cooperative activity of
these 2 transporters can optimal absorption occur.?4-37 A
consequence of H*-coupled dipeptide absorption will be a
reduction in the driving force, because HT movement across
the luminal membrane will lead to intracellular acidifica-
tion. Studies with Caco-2 cell monolayers show that PepT1-
mediated H" influx leads to selective activation of the apical
NHE3 without any activation of basolateral Na*/H" ex-
changer 1 (NHE1).! Thus, in intact epithelia, PepT1 and
NHE3 function in tandem to mediate dipeptide and Na™*
absorption, and the driving force for dipeptide transport is
maintained (during absorption) by NHE3-mediated H*
efflux.’34-37 Tt is interesting to note that in studies with
Caco-2 cells, a similar selective activation of NHE3 is
observed after PAT-mediated H*/B-alanine symport.!

We had 3 primary objectives: to determine whether
PAT-mediated transport in an intact epithelium (Caco-2
cell monolayer) shows partial Na* dependence (as ob-
served with the rat imino acid transporter) and whether
this Na* dependence is due to NHE3 activity; to iden-
tify whether PAT1 protein is present at the brush-border
membrane of Caco-2 cells and human and rat small
intestine; and to determine the identity of the human
“imino” carrier by investigation of the substrate selectiv-
ity of hPAT1/PAT with a series of substrates chosen to
discriminate between transport via an imino acid (rat) or
IMINO (rabbit) type of carrier.

Materials and Methods
Materials

[PH}B-Alanine (specific activity, 50 Ci/mmol) and
[PH}methylaminoisobutyric acid (MeAIB; 60—-85 Ci/mmol)
were from American Radiolabeled Chemicals (St. Louis, MO).
[PH}L-Aspartate (17 Ci/mmol) was from ICN Pharmaceuticals
(Basingstoke, UK). [?H]lProline (43 Ci/mmol) was from
Amersham Biosciences (Little Chalfont, UK). The acetoxy-
methyl ester of 2',7'-Bis(2-carboxyethyl)-5(6)-carboxyfluores-
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cein (BCECF) was from Molecular Probes (Leiden, The Neth-
erlands). S1611 and cariporide (HOE642) were from H. J.
Lang (Aventis Pharma Deutschland GmbH, Frankfurt/Main,
Germany). All other chemicals were from Sigma or VWR
(Poole, UK) and were of the highest quality available.

Amino Acid Uptake Across the Apical
Membrane of Caco-2 Cell Monolayers

Caco-2 cells (passage 101-120) were cultured as
confluent monolayers on permeable polycarbonate filters
(Corning-Costar, High Wycombe, UK), as described pre-
viously.1¢-35 [H1fB-Alanine, [?’H]MeAIB, and {*H}r-aspar-
tate (0.5-1 wCi/mL; 20-100 pmol/L) uptake across the
apical membrane of Caco-2 cell monolayers was measured
(over 0.5-90 minutes), as described previously.!¢-20-3> Up-
take was measured routinely over 15 minutes in the pres-
ence or absence of external Na™; at apical pH 5.5 or 6.5
(basolateral pH 7.4); and in the presence or absence of
various compounds (see figure legends for details). Cell
monolayer—associated radioactivity was determined by scin-
tillation counting.

Intracellular pH Measurements

Intracellular pH (pH;) of Caco-2 cell monolayers
loaded with the pH-sensitive dye BCECF was measured by
microspectrofluorimetry, as described previously.'¢-20:3%.37 Cell
monolayers were superfused with various amino acids
(10 mmol/L; 200 seconds) in the apical superfusate (Na* free;
pH 5.5), and the initial rate of acidification induced by each
was converted to ApH; per minute and expressed as percentage
GABA response.?° In separate experiments, pH; recovery from
B-alanine (20 mmol/L, Na* free, apical pH 5.5, 300 seconds)—
induced acidification was investigated: in the presence or ab-
sence of apical Na*, at an apical pH of 5.5-7.4, and after 15
minutes of incubation with S1611. Initial H* efflux rates were
calculated as described previously.?5-37

Functional Expression in Xenopus laevis
Oocytes

hPAT1 and mouse proton-coupled amino acid transport-
er-1 (mPAT1) were expressed in X /aevis oocytes, as described
previously.21:3640 [H1[B-Alanine or {*Hlproline (5 wCi/mL;
100 wmol/L) uptake into H,O or hPAT1-injected oocytes was
measured (40 minutes, Na* free, pH 5.5) in the presence and
absence of various compounds or amino acids (as described
previously).?¢ Two-electrode voltage-clamp experiments were
petformed on mPAT1- or hPAT1-expressing oocytes (clamped
at —40 mV), as described previously.2!-31:40

Amino Acid Uptake Into Mammalian Small
Intestine

Female rabbits (2500 g), female guinea pigs (400 g)
and male Wistar rats (200 g) were maintained with free access
to food and water. Animals were killed by intravenous (rabbits)
or intraperitoneal (rats and guinea pigs) phenobarbital sodium.
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Excised mid jejunum (rats and guinea pigs) or 30 cm of distal
ileum (rabbits) was mounted between Lucite plates so that the
mucosa (area, 0.62 cm?) was exposed in the bottom of wells in
which the solution was stirred and oxygenated by high rates of
100% oxygen flow at 37°C. After 20 minutes of preincubation
at the appropriate pH, ['“CIMeAIB (100 wmol/L) uptake was
measured for 30 seconds in the absence of Na™ and at pH 7.2
or 5.65 by using [*Hlpolyethylene glycol-4000 to correct for
extracellular adhesion of MeAIB, essentially as described pre-
viously.>4!

Polymerase Chain Reaction

Human multiple tissue and digestive system cDNA pan-
els (BD Biosciences, Cowley, UK) and Caco-2 cDNA (total RNA
was isolated from Caco-2 cells by using a midi kit [Qiagen,
Crawley, UK} and was reverse-transcribed by using Omniscript
[Qiagen]) were screened by using primers specific for hPAT1
(forward, ;s CGGAACGAAGACTACCACGACTAC,,; re-
verse, 74, GGCTGGGGTCTGGGATTC,,5; expected product
size, 724 base pairs [bp}) and glyceraldehyde phosphate dehy-
drogenase (forward, ,TGAAGGTCGGAGTCAACGGATTT-
GGTsg; reverse, ¢o4CATGTGGGCCATGAGGTCCACCAC
970; expected product size, 983 bp). Polymerase chain reactions
(PCRs) were performed in the manufacturers’ buffers in 2.5
mmol/L MgCl, by using HotStarTaq DNA Polymerase (Qia-
gen). Thermal cycling parameters were 95°C for 15 minutes as
an initial activation step, then 3-step cycling (94°C for 30
seconds, 65°C for 30 seconds, and 72°C for 1 minute) for 35
cycles, and finally 72°C for 10 minutes. PCR products and a
100-bp ladder (New England Biolabs, Hitchin, UK) were
separated on a 1% agarose gel.

Immunolocalization

PAT1 was localized in Caco-2 cell monolayers3® and
in sections of frozen rat ileum and human jejunum by using
a specific antibody.?® Normal human jejunum samples were
obtained from 6 cadaver organ donors after relatives’ con-
sent and local ethical committee approval were obtained for
tissue retrieval for research purposes. After retrieval, jejunal
specimens were immediately wrapped in tinfoil, labeled,
snap-frozen in liquid nitrogen, and stored until use. Sub-
jects’ age and sex were recorded, but details of donor
identity were omitted. Tissues were gently thawed before
analysis. Tissues and monolayers were fixed (with parafor-
maldehyde), permeabilized (with Triton X-100), and incu-
bated with an affinity-purified chicken anti-hPAT1-specific
antibody (before or after preadsorption with the antigenic
peptide). To show monolayer orientation, Caco-2 cells were
incubated with antibodies specific to either the basolateral
CD98 (BD Biosciences) or apical rBAT (related to b®™
amino acid transporter) by using an affinity-purified rabbit
polyclonal antibody to a rat rBAT peptide (PRSFKDSDK-
DGNGD) orthologous to residues 128-141 of human
rBAT.42 The tissues and monolayers were incubated with a
fluorescein isothiocyanate—conjugated goat anti-chicken
secondary antibody (Sigma) plus either a tetramethylrho-
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damine isothiocyanate-conjugated goat anti-mouse (Sigma)
or goat anti-rabbit (Zymed, San Francisco, CA) secondary
antibody as appropriate.3%-4? Tissue sections or monolayers
were mounted in Vectorshield (Vector Laboratories, Peter-
borough, UK), and fluorescence was observed by using
confocal laser scanning microscopy.

Statistics

Data are mean = SEM. Statistical comparisons of mean
values were made by using paired or unpaired 2-tailed Student
¢ tests or analysis of variance (with the Tukey—Kramer or
Bonferroni multiple comparisons posttest) as appropriate.
Curve fitting was performed by using either GraphPad Prism
version 3.00 (GraphPad, San Diego, CA) or FigP software
(Biosoft, Cambridge, UK).

Results

Partial Na* Dependence of PAT-Mediated
Amino Acid Uptake in Caco-2 Cell
Monolayers

Uptake of the PAT (and imino acid, but not
IMINQ)3:6:16.19.20 substrate [°H}B-alanine was measured
(at 100 pmol/L) across the apical membrane of Caco-2
cell monolayers at an apical pH (pH 6.5) typical of that
measured at the luminal surface of mammalian jejunum
both in vivo and in vitro.?$3° Uptake was routinely
measured over 15 minutes, where Na™ removal signifi-
cantly (P < .001) reduced (but did not abolish) B-ala-
nine uptake from 493.0 = 16.7 pmol/cm? (n = 159) to
182.0 = 6.5 pmol/cm? (n = 151;a 63% reduction). This
partial Na®™ dependence was also noted for MeAIB (an
hPATI1, imino acid, and IMINO substrate)>-%'2:30 up-
take, which was reduced on Na™ removal by 54.6% =
2.6% (n = 18; P < .001 vs. control [presence of extra-
cellular Na™}]). In contrast, when the maneuver was
performed with L-aspartate (a substrate restricted to the
Na*-coupled system X, ),** uptake was much more
sensitive to Na® removal; it was reduced to 11.8% =
0.9% (n = 18) of control (P < .001).

A feature of the partial Na® dependence of -
alanine uptake is that the Na*-dependent component
is variable and depends on the length of time over
which uptake is measured. Over 30 seconds, although
there was a 17% reduction, no significant difference
was noted in the presence (40.6 = 2.3 pmol/cm?; n =
24) or absence (33.6 = 1.9 pmol/cm?, n = 24;
P > .05) of Na" (Figure 1). In contrast, the Na®-
dependent component represented 59% of total up-
take at 15 minutes and 75% over 90 minutes (Figure
1). This phenomenon was also observed with the H*-
coupled peptide transporter hPepT1, for which dipep-
tide uptake into Caco-2 cells at pH 6.5 was Na*
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Figure 1. Time and Na™ dependence of B-alanine uptake across the
apical membrane of Caco-2 cell monolayers. B-Alanine (100 wmol/L)
uptake was measured over 0.5-90 minutes at apical pH 6.5 (baso-
lateral pH 7.4) in the presence (filled squares) and absence (open
triangles) of Na™. (Insert) Data from the main panel expressed as the
percentage of total uptake in the presence of Nat. Na*-dependent
uptake (filled bars) was calculated as the difference between uptake
in the presence and absence of Na* (open bars). Results are mean =
SEM (n = 12-18).

independent over 30 seconds but became Na™ depen-
dent as the time over which measurements were made
was lengthened.?>-3¢ In contrast to the observations in
intact epithelia, amino acid uptake into hPAT1-ex-
pressing oocytes (as observed with dipeptide uptake
into hPepT1-expressing oocytes)*¢ was Na™ indepen-
dent even over 40 minutes (data not shown). In the
case of dipeptide transport via PepT1, the time-de-
pendent increase in Na™ dependency is explained by
activation of NHE3, which is required to maintain the
H™* electrochemical gradient so that dipeptide uptake
can continue over the longer time periods required for
absorption of a meal.>%3> To determine whether the
effect of Na* removal on B-alanine uptake is through
a dependence on functional NHE3-mediated Na*/H™,
the effects of a number of selective pharmacological
Na*/H™ inhibitors were assessed.

Pharmacological Inhibition of NHE3
Reduces PAT-Mediated Amino Acid Uptake

The selective NHE3 inhibitor S1611 (3 wmol/L)*
and the nonselective Na®/H" exchange inhibitor N-
(ethyl-N-isopropyl)-amiloride (EIPA; 100 pwmol/L; con-
centrations that inhibit NHE3) both significantly (P <
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.05) reduced [B-alanine uptake across the apical mem-
brane of Caco-2 cells in the presence of Na*t (Figure 2).
In contrast, neither compound had any effect (P > .05
vs. the Na*-free control) in Na*-free conditions (Figure
2). Na+—coupled L-aspartate uptake (over 15 minutes)
was unaffected by S1611: it was 265.9 £ 18.3 pmol/cm?
and 273.5 = 20.6 pmol/cm? (n = 12; P > .05) in the
absence and presence of S1611, respectively. Apical ca-
riporide (HOEG642), at a concentration that would in-
hibit NHE1 and NHE2, but not NHE3,%> had no effect
on B-alanine uptake in Caco-2 cells. The Na*-dependent
effect of S1611 was through a reduction in capacity
(Figure 2, insert), where maximum velocity decreased
from 43.9 = 18.0 to 154 %= 5.7 nmol - cm™2 . (15
min)~! in the absence or presence of S1611, respectively
(no significant change in the Michaelis constant (K,) was
observed). The nonsaturable component was unaffected
by $1611 (1.0 = 0.7 vs. 1.0 = 0.3 nmol - cm™2 . (15
min)~! in the absence and presence of S1611, respec-
tively). In contrast to PAT-mediated amino acid uptake
in Caco-2 cells, B-alanine uptake in hPAT1-expressing
oocytes was unaffected by S1611, EIPA, or cariporide (P
> .05; data not shown). Thus, in the presence of Na*,
PAT function in Caco-2 cells can be modulated by
compounds known to inhibit NHE3. The lack of effect

40

1000 NSO
< T =5
= <= S g
£ = 2<Z2
© 800 1 — €2 0
— = f*c | & _———- a
o — <
£ — <«
Q * — 07 !
o 600 1 * — 0 5 10
1S <5— [B-Alanine] (mM)
Q. —
Iy N=
f‘g 400 — NS Ns NS
=3 —
o — Il Control
£ 200 — L1s1611
<—‘§ — EIPA
iy \g 3 cariporide

0. —]

Na* Na* free

Figure 2. Pharmacological modulation of PAT-mediated amino acid
uptake. Apical B-alanine (100 wmol/L) uptake in Caco-2 cells (15
minutes; apical pH 6.5) in the presence and absence of Na* and the
NHE3 selective inhibitor S1611 (3 pmol/L; open bars), the NHE
inhibitor EIPA (100 pwmol/L; hatched bars), or the NHE1/NHE2 inhib-
itor cariporide (10 wmol/L; horizontal striped bars). Data are mean =
SEM (n = 12). *P < .05 vs. control in the presence of Na*. NS, P >
.05 vs. control. (Insert) Concentration-dependent B-alanine uptake
(Na™ solutions, 15 minutes, apical pH 6.5) in the presence (open
squares) or absence (filled circles) of apical S1611 (3 pmol/L).
Results are mean = SEM (n = 11-12). Solid lines are the best-fit
curves for the hyperbolic Michaelis—Menten kinetics of the data (sat-
urable plus nonsaturable components; r2 = 0.999 for both curves).
The dotted lines represent the carrier-mediated (saturable) uptake
(after subtraction of the nonsaturable component).
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of any compound in Na'-free conditions or on uptake
into hPAT1-expressing oocytes, suggests that the inhi-
bition is not via a direct effect on PAT1 but is rather
through inhibition of NHE3. To test this conclusion,
NHE3 activity was measured by fluorescent microscopy
with BCECF-loaded Caco-2 cell monolayers (Figure 3).
We have previously shown (by using ?*Na™ influx and
pH; measurements) that H7/B-alanine symport in
Caco-2 cells leads to selective activation of apical
Na*/H™ exchange,!'8-2° which can be inhibited by 100
pwmol/L  EIPA (a concentration that would inhibit
NHE1, NHE2, and NHE3).! pH; recovery from [-ala-
nine—induced acidification was dependent on apical pH
(Figure 3A) and Nat (Figure 3B) in a manner indicative
of Na*/H" exchange.46 The role of NHE3 was confirmed
by the inhibition of Na*-dependent recovery by S1611
(Figure 3B). Figure 3C shows that the pH; recovery
(calculated as the H'-efflux rate) after B-alanine—in-
duced acidification was significantly inhibited by de-
creasing apical pH, Na® removal, or incubation with
S1611. Under experimental conditions in which the
Na*-dependent component of B-alanine uptake is inhib-
ited, NHE3 activity is also reduced.

PAT1 Messenger RNA (mRNA) and Protein
Expression in Human and Rat Tissues

The results presented previously confirm that an
H™"-coupled amino acid transporter (PAT) functions at
the apical membrane of Caco-2 cells and that transport
(in intact epithelia but not after expression in oocytes)
shows partial Na* dependence, which is reduced after
NHE3 inhibition. To date, there is apparently lictle
functional evidence for the existence of PAT in “real”
mammalian tissues. PCR analysis of human ¢cDNA from
multiple tissues by using hPAT1-specific primers pro-
duced a single band of the predicted size (724 bp) in all
tissues, including small intestine (Figure 4A and B). By
using a PAT1-specific antibody raised in chicken,*°
PAT1 protein was localized exclusively to the brush-
border membrane of Caco-2 cells, as visualized with a
fluorescein  isothiocyanate—conjugated  (green) —anti-
chicken secondary antibody (Figure 4C—K). Apical local-
ization was confirmed by colocalization (ye//ow) with the
apical amino acid transport protein rBAT?? (red, Figure
4D—E), but not with the basolateral amino acid transport
protein CD98 (red, Figure 4G-K).>*3° To determine
whether PAT1 protein is expressed in “real” intestinal
tissues, sections of rat ileum were incubated with the
PAT1 antibody, which shows clear brush-border mem-
brane staining in the epithelial layer (Figure 4M). The
brush-border membrane staining was eliminated by
preadsorption with the antigenic peptide (Figure 4N),
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thus confirming observations in Caco-2 cells.?® Immu-
nofluorescence was also detected in the underlying lam-
ina propria, but this was observed with the secondary
antibody alone (Figure 4L), so this lamina propria stain-
ing does not seem to be specific for PAT1. PAT1 protein
was detected at the luminal membrane of the human
jejunal epithelium (Figure 4P), and no brush-border
staining was detected with the secondary antibody alone
(Figure 40). This provides the first demonstration of
PAT1 immunolocalization in “real” intestinal tissues
from both human and rat small intestine.

PAT/hPAT1 Show the Same Substrate
Selectivity as the Rat Imino Acid
Transporter

To identify whether hPAT1 is the human homo-
logue of the rat imino acid transporter, the substrate
selectivity of the hPAT1 clone (expressed in X /laevis
oocytes or HRPE cells) and the endogenous PAT trans-
porter (in Caco-2 cells) was determined by using a series
of compounds chosen to distinguish between transport
via an imino acid (rat) or IMINO (rabbit) type of trans-
porter.5-012.13 Experimental conditions (extracellular pH
5.5, Na® free) were chosen to allow optimal measure-
ment of transport via hPAT1 (by using a combination of
radiolabel uptake/competition experiments and sub-
strate-induced current measurements). To allow direct
comparison with the endogenous transporter, transport
was measured in Caco-2 cell monolayers under identical
experimental conditions (Figure 5). The imino acid car-
rier has a clear preference for GABA and [3-aminobutyric
acid (ABA) over a-ABA'1247 whereas the IMINO
transporter prefers a-ABA over B-ABA and has little or
no recognition for GABA.%!3 The IMINO carrier®!? has
a strong preference for pipecolic (inhibition constant {Ki}
= 0.2 mmol/L) over nipecotic (Ki = 40 mmol/L) and
isonipecotic (Ki = 153 mmol/L) acid. The imino acid
carrier is less selective (a 2-fold difference in affinity) but
has a slight preference for isonipecotic over nipecotic over
pipecolic acid.'?> Methyl-leucine (MeLeu) is a good substrate
for the IMINO carrier'®> but does not interact with the
imino acid carrier even at 40 mmol/L.> A key feature of the
IMINO carrier is the preference for L- over D-amino acids
(L-pipecolate is the best substrate for the transporter and has
a 39-fold greater affinity than the D-form).® In contrast, the
imino acid carrier shows weak or reversed stereoselec-
tivity.>?42> A similar weak or reversed stereoselectivity for
alanine, serine, proline, and cysteine has been shown previ-
ously for PAT/PAT1,'93940 and D-cycloserine is a substrate
in Caco-2 cells.'® The competition experiments shown here
in Caco-2 cells (and hPAT1-expressing oocytes [Figure 5C}
or HRPE cells {data not shownl}) show that PAT/hPAT1
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Figure 3. NHE3-dependent recovery of pH; after amino acid—induced
acidification. BCECF-loaded Caco-2 cell monolayers were exposed to
B-alanine (20 mmol/L; 300 seconds; open bars) in the apical super-
fusate (Na*t free, pH 5.5; basolateral Na* free, pH 7.4 throughout).
pH; recovery was then measured under various conditions (hatched
bars) before the addition of an Na*-containing, pH 7.4 apical solution
(filled bars). S1611 was added before (for 10 minutes) and then
during exposure to B-alanine (giving a total incubation of 15 minutes
before pH; recovery was measured). Composite responses are shown
of single monolayers to (A) successive recoveries at apical pH 5.5—
7.4 in the presence of Nat and (B) successive recoveries (at apical
pH 7.4) in Na*-containing (i) and Na*-free (ii) solution and in Na* after
exposure to apical S1611 (3 wmol/L) (iii). (C) Mean data for (A) and
(B). H* efflux was calculated from ApH; over the initial 30 seconds of
pH; recovery.3%37 Data (mean + SEM; n = 4-7) are expressed as the
percentage of H* efflux in control conditions (Na* containing; pH 7.4)
and were analyzed by the Student t test (paired data): **P < .01;
**xp < 001; both vs. control.
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has the same general characteristics as those determined in
rat intestine: there is a slight preference for GABA over
B-ABA, and a-ABA is the weakest inhibitor (Figure 5A); it
is inhibited by L-pipecolic (notably not the substrate with
highest affinity overall), nipecotic, and isonipecotic acid,
but with no difference in affinity (not shown; P > .05); it
is unaffected by MeLeu (Figure 5B); and it is unable to
discriminate significantly between enantiomers of cy-
closerine (Figure 5B) or pipecolic acid (although a prefer-
ence for each D-form was observed; data not shown).

The ability of PAT1 to selectively transport the amino
acids used in Figure SA—C was confirmed by measurements
of substrate-coupled H flow (measured as inward current
or ApH)) into PAT1-expressing oocytes and Caco-2 cells.
Representative current traces in hPAT1-expressing oocytes
after exposure to different amino acids (Figure 5D) show
that hPAT1 has a clear preference for GABA and (3-ABA
over a-ABA or MeLeu. Experiments with mPAT1-express-
ing oocytes produced similar responses with K, values of
3.1 £ 0.2 mmol/L for GABA, 4.1 £ 0.6 mmol/L for
B-ABA, and 48.0 = 8.0 mmol/L for a-ABA (n = 4-7).
Similar observations were made when substrate-coupled H*
flow was measured via the endogenous Caco-2 transporter,
for which ApH; on apical superfusion of a-ABA or MeLeu
was not different (P > .05 vs. control) from control (pH 5.5
solution alone; Figure S5E), whereas GABA and (-ABA
caused a significant ApH; (P < .001 vs. control; Figure SE).
The data are summarized in Figure 5F. Substrate inhibition
of transport via PAT/PAT1 (Figure SA—C) is closely related
to stimulation of H* flow (Figure 5SD—F). The substrate
selectivity is consistent with hPAT1 being the human
orthologue of the rat imino acid transporter,”> whereas the
rabbit IMINO carrier is distinct.®

pH-Dependent, Na*-Independent, PAT-Type
Transport in Rat Small Intestine

The final confirmation of the existence of func-
tional PAT-like transport in rat intestine requires the
demonstration of pH-dependent, Na*-independent
amino acid uptake. In the absence of extracellular Na™,
MeAIB uptake into rat small intestine was significantly
increased (P < .001) when the pH of the luminal bath-
ing solution was reduced from 7.2 to 5.65 (Figure 6). In
contrast, only a very small (P > .05) increase was ob-
served in both guinea pig and rabbit small intestine. In
rat small intestine, Na*-independent MeAIB uptake at
pH 5.65 was reduced by 68% in the presence of excess
[B-alanine (1000-fold excess).

Discussion

The first piece of molecular information on any
PAT-related transporter was provided with the isolation
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Figure 4. PAT1 messenger RNA and protein expression in human and rat tissues. Products of PCR with human multiple tissue (A) and digestive
tract tissue cDNA panels (B) by using primers specific for hPAT1 (upper panels) and glyceraldehyde phosphate dehydrogenase (lower panels).
(A) Lanes are as follows: 1, heart; 2, brain; 3, placenta; 4, liver; 5, lung; 6, skeletal muscle; 7, pancreas; 8, kidney. (B) Lanes are as follows:
1, ascending colon; 2, descending colon; 3, transverse colon; 4, duodenum; 5, ileocecum; 6, ileum; 7, jejunum; 8, rectum; 9, cecum; 10,
stomach; 11, liver; 12, esophagus. Ctrl lane shows the positive control reaction with Caco-2 cDNA. Lane N shows the negative control reaction
(no cDNA). DNA size markers (with the 1000-bp band identified) are shown. (C-E) Cross-sectional (x2) sections through a Caco-2 cell monolayer
(arrows indicate apical membrane, and arrowheads indicate basal membrane) showing immunofluorescent detection of (C) PAT1 (green), (D) rBAT
(red), and (E) apical colocalization (yellow). (F-K) A stack of xy sections [at 1.8-um intervals moving down from the apical (F) to basal (K) surface]
through a Caco-2 cell monolayer showing PAT1 localization to the apical membrane (green), whereas CD98 is solely basolateral (red). PAT1
immunofluorescence in rat ileum (L-N) and human jejunum (O-P) is localized to the brush-border membrane (M and P) (arrows). The PAT1
fluorescence is blocked by preadsorption with the antigenic peptide (N). Some lamina propria (but no brush-border) staining is observed with the
secondary antibody alone (L and O). All scale bars are 20 pm.

of a rat cDNA named lysosomal amino acid transporter
1 (LYAAT1)%" because of its predominant lysosomal
localization in the neuronal tissue investigated. Recently
rat LYAAT1 has been localized to the neuronal cell
surface.*” The mouse?® and human3° forms of this trans-
porter were isolated from small intestine and human
Caco-2 cells and named PAT1 because of their similarity

in function to PAT.16-20 There are 4 members (PAT1-4)
of this solute carrier family (SLC36A1-4).431,50

At the mRNA level, PAT1 is ubiquitously expressed
in all rat, mouse, and human tissues investigated (Figure
4).30,31,40.48,49 T¢ s surprising, therefore, that there have
been relatively few reports of a functional PAT-type
transporter in mammalian tissues. Immunolocalization



Appendix 8 190

1418 ANDERSON ET AL. GASTROENTEROLOGY Vol. 127, No. 5

A - D GABA  Meleu GABA B-ABA o-ABA
£ 100{T - - =
c
Q
[&]
g 757 < K
Q
® 507 EI 51
s e BABA _— —
; 25 - x GABA 1 min 1 min
z
S
L., , :
0 - 3 2 E
log [amino acid] (M) 0.3 GABA GABA p-ABA .

MeLeu o-ABA C
= -0.2
oY
< -0.1
0

apical >IN W I N BN BN WO

0 _ 1000 0 1000 2000
Time(s) Time(s)

B | -cycloserine
25 O D-cycloserine
A Meleu

MeAIB uptake (% control)
(€2
o

Q-+t T ] F
0 -

-3
log [amino acid] (M) 120  GABA
i

ii B-ABA

iii a-ABA

iv Isonipecotic acid

v Nipecotic acid

vi L-pipecolic acid
vii D-pipecolic acid
viii L-cycloserine

ix D-cycloserine

x MelLeu

(o))
o

S
o
ApH;in Caco-2 cells (% GABA)
[0 0]
o

0 40 80 120
Current in PAT1-expressing
oocytes (% GABA)

Proline uptake (% Control)

o

Ctrl i i i Ctrl iv v vi vii viii ix x

Figure 5. PAT/hPAT1 show the same substrate selectivity as the rat imino acid transporter. Apical MeAIB (20 wmol/L) uptake in Caco-2 cells
in the presence (0.1-10 mmol/L) of (A) a-ABA, B-ABA, and GABA and (B) L-cycloserine, p-cycloserine, and MeLeu. Data are mean = SEM (n =
12-20) and are expressed as percentage of control (the absence of competing amino acids). (C) Competition experiments showing the inhibition
of proline (100 wmol/L) uptake into hPAT1-expressing oocytes by various amino acids (all 20 mmol/L). Substrates are as in (F) below: i, GABA;
ii, B-ABA; iii, a-ABA; iv, isonipecotic acid; v, nipecotic acid; vi, L-pipecolic acid; vii, b-pipecolic acid; viii, L-cycloserine; ix, b-cycloserine; x, MeLeu.
Data are mean = SEM (n = 9-20) and are expressed as percentage of control (Ctrl, the absence of competing amino acids) after subtraction
of uptake into water-injected oocytes. (D) Current induced by various amino acids (all 20 mmol/L; pH 5.5; Na* free) in 2-electrode voltage-
clamped hPAT1-expressing oocytes. (E) ApH; in Caco-2 cell monolayers after apical superfusion with various amino acids (10 mmol/L; pH 5.5;
Na™ free; open bars). Closed bars represent pH 7.4 Na*-containing apical superfusate. Control (Ctrl) indicates the ApH; after exposure to the
pH 5.5, Na*-free superfusate alone. (F) Correlation between amino acid-induced current in mPAT1-expressing oocytes and ApH; in Caco-2 cells.
Data are mean = SEM and are expressed as percentage of GABA response. The linear relationship (2 = 0.946) between current and ApH;
suggests that PAT1 (in oocytes) and PAT (in Caco-2 cells) discriminate between potential substrates in a similar manner.

studies (Figure 4) with a PAT1-specific antibody3° show  However, the results in Figure 4 show that exclusive
exclusive PAT1 protein localization in the brush-border  lysosomal localization does not account for the lack of
membrane in Caco-2 cells and in human and rat small  functional evidence in “real” mammalian intestine.

intestine. Beyond our own studies with Caco-2 cells,'02° For many years we have highlighted the similarity in
reports on PAT-like H"-coupled amino acid transport  substrate specificity of the rat imino acid carrier and PAT in
are limited to eel and lizard small intestine,’!->2 rabbit  Caco-2 cells.>:16-20:30 Although PAT1 functions in an Na*-
renal BBMV 3354 and rat hippocampal neurons.® The  independent manner when expressed exogenously in isola-
lack of additional functional evidence may be due to a  tion, the optimal function of the endogenous PAT trans-
predominant lysosomal localization in many tissues.”®  porter is Na® dependent and depends on the coexpression
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Figure 6. pH-dependent, Na'-independent, PAT-type transport in rat
small intestine. MeAIB (100 wmol/L) uptake into rat, rabbit, or guinea
pig small intestine is shown. Uptake was measured over 30 seconds
in the absence of Na* at a luminal pH of 7.2 or 5.65. Data are mean
+ SEM (n = 8-12). ***P < .001; NS, P > .05; both vs. pH 7.2.

and functional activity of NHE3. Thus, PAT function in
Caco-2 cells shows partial Na* dependence, as previously
observed for the imino acid carrier.’> Such functional coop-
erativity has been described previously for NHE3 and an-
other H" -coupled transporter, hPepT1.34-37 Thus, during
H™"-coupled solute absorption, the driving force (the H
electrochemical gradient) is maintained by the activity of
NHES3, so the overall effect is a net transport of solute and
Na* with H* recycling.

The identity of PAT/hPAT]1 as the human homologue
of the rat imino acid carrier and the lack of similarity of
either system to the IMINO carrier are confirmed by the
results in Figure 5. In this study we carefully selected a
series of compounds to discriminate between the imino
acid carrier and the IMINO transporter. PAT and
hPAT1 (or mPAT1) have similar substrate selectivity to
the imino acid carrier, whereas the specificity of the
IMINO transporter is very different.%!> Na*-indepen-
dent, pH-dependent imino acid transport in “real” mam-
malian (rat) small intestine is shown for the first time in
Figure 6. The differences observed between species both
here and in previous studies>®10-1> suggest that there are
species differences in the complement of amino acid
transporters at the brush-border membrane of the small
intestine. The detection of PAT1 immunofluorescence at
the brush-border of rat ileum, combined with the large
stimulation of MeAIB uptake observed after a decrease in
luminal pH (in Na'-free conditions), is consistent with
expression of a PAT-like transporter. The rat imino acid
carrier should be renamed rPAT1 to help reduce further
confusion with the IMINO carrier,® which is clearly a
different entity. The small effect of pH observed in both
rabbit and guinea pig small intestine (Figure 6) suggests
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either that PAT1 is absent or that the expression levels
are relatively low.

Since the revelation of the rPATI1 (LYAAT1)%8 se-
quence, a number of key observations have been made
regarding PAT1 and the potential role it plays in nutri-
ent and drug absorption in the human small intestine.
The rat sequence allowed the isolation of hPATI,°
which in turn allowed the development of specific tools
to identify tissue distribution (mRNA) and membrane
(protein) localization, not only in the model system
(Caco-2), but also in human and rat small intestine. The
availability of hPAT1 allowed identification of the trans-
port characteristics and substrate selectivity in isolation
(after expression in heterologous systems)?'*° and in
comparison with transport in the human intestinal epi-
thelium.?"3° The key observation of brush-border mem-
brane localization led to a re-evaluation of the literature
and the hypothesis that hPAT1 was the human imino
acid carrier. The identical nature of the substrate speci-
ficity of hPAT1 and the imino carrier and the discovery
that the apparent Na™ dependence of PAT1/imino acid
transport was due to a functional relationship with
NHES3 force a reinterpretation of the published data, in
which Na® dependency has been incorrectly assigned,
thereby revealing a large body of evidence to support the
role of PAT1 in the absorption of both nutrients and
drug molecules.

Because hPAT1 functions as a low-affinity, high-ca-
pacity transporter, it is likely to play an important role in
both nutrient and drug absorption. It is interesting to
note that to date, PAT-like transport has been identified
at the intestinal brush border of carnivorous/omnivorous
(rat, human, eel, and lizard), but not herbivorous (guinea
pig and rabbit), species. Perhaps brush-border PAT1
expression is an intestinal adaptation to allow the former
group to use the abundance of taurine found in meat,
fish, and insects (only trace levels are found in most
plants),?* because some meat-eating mammals (e.g., hu-
mans) are unable to synthesize adequate amounts of
taurine. Alternatively, it may allow meat-eating mam-
mals to decrease taurine synthesis and concentrate valu-
able energy resources elsewhere. Taurine is an excellent
substrate for hPAT1,'"” and high-capacity transport of
taurine has been measured in intact epithelia.>'> Al-
though this is not its primary function, hPAT1 is almost
certainly the transporter involved in taurine absorption
from “high-energy” drinks.>>

Perhaps the greatest potential of this transporter is as
a route for oral absorption of therapeutic compounds.
hPAT1 is the only small-intestinal transporter capable of
transporting a number of orally administered com-
pounds, e.g., D-cycloserine, D-serine, and betaine.” Al-
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though not used orally, L-cycloserine is a hPAT1 sub-
strate and inhibits tumor growth in vitro.’¢ hPAT1
transports a number of GABA receptor agonists/antago-
nists and reuptake inhibitors. In addition, hPAT1 trans-
ports a number of nitrogen-containing heterocyclic com-
pounds, including pipecolic acid and azetidine-2-
carboxylic acid (not shown), that are found in higher
plants. Although this was not tested in this study, a
single report suggests that acamprosate (used orally to
prevent relapse in sober alcoholics) shares a rat intestinal
transporter with GABA and taurine.>’

hPAT1 function may be affected in certain disease
states. The unique ability of hPAT1 to transport glycine,
proline, and hydroxyproline (combined with the demon-
stration of pH-dependent glycine and proline transport
in renal BBMV)>354 makes this transporter a candidate
for the system disrupted in iminoglycinuria,?® in which
defects are observed in renal (and intestinal) capacity to
reabsorb certain amino acids. The defective carrier in
iminoglycinuria cannot be the IMINO transporter, be-
cause glycine is excluded from the latter.® More common
absorptive problems are likely to result from the depen-
dence of hPAT1 on functional NHE3. NHE3 is down-
regulated by protein kinase A after an increase in aden-
osine 3',5"-cyclic monophosphate (cAMP).58 A number
of pathophysiological conditions (e.g., enterotoxin-in-
duced diarrheal states or those associated with vasoactive
intestinal polypeptide (VIP)—producing tumors) are as-
sociated with enteric release of VIP or increased plasma
VIP levels. In addition, cholera enterotoxin can increase
the intracellular cAMP concentration in intestinal epi-
thelial cells directly.>® Thus, many pathophysiological
conditions will have antiabsorptive effects and inhibit
solute absorption indirectly after inhibition of NHE3.
These antiabsorptive effects have been observed in
Caco-2 cells with both hPepT13°37 and hPAT1 (Ander-
son and Thwaites, unpublished data, 2004). In addition,
drug—drug interactions may be evident, because com-
pounds such as the orally administered amiloride (an
Na*/H* exchange inhibitor, commonly prescribed as a
K*-sparing diuretic) may inhibit NHE3 function and
indirectly reduce the bioavailability of hPAT1-trans-
ported drugs.

To allow the future development of rational ap-
proaches to the design of orally delivered drugs, func-
tional foods, and effective treatments for absorptive dis-
orders, the temptation to focus on biology simply at the
molecular level must be avoided. Rather, the genomic
information revealed over recent years must be translated
into functional (physiological) information to aid inves-
tigation of biological problems at all levels from the
individual molecule up to the entire animal. This study
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shows that the optimal absorptive performance of the
small intestine depends on the coexpression (in special-
ized membranes within the enterocyte) and functional
cooperation of discrete ion gradient—driven transporters
involved in both absorption (hPAT1) and cellular ho-
meostasis (NHE3). This investigation resolves a mystery
(the lack of evidence for PAT1 or imino acid transport
function in many species) and provides a greater under-
standing of how these diverse transporters function co-
operatively at the luminal membrane of the intact intes-
tinal epithelium to optimize absorption. The breadth of
the role played by PATI in both nutrient and drug
absorption awaits further study.
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